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ABSTRACT

Biodegradable metals have been under significant research as alternatives to the
nonbiodegradable materials in the field of medical implants. In this scope, magnesium and its
alloys were widely investigated due to their superior biocompatibility. However, magnesium is a
highly active metal and has a high corrosion rate in aqueous environments especially body fluids.
Considerable research was done to develop numerical models towards an inexpensive designing
tool to assess the change of the implant’s geometry and mechanical strength during degradation.
To the best of our knowledge, the effect of coating was not investigated before in the literature in
terms of modeling the corrosion behavior. In this work, a 2D finite element model is introduced
to calibrate a diffusion-controlled corrosion model in high purity magnesium whilst investigating
the effect of adding the coating layer numerically. In vitro corrosion tests and solubility tests,
were conducted to calibrate the model for the first time.
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CHAPTER I
INTRODUCTION
1.1. Background
In the United States, bone trauma represents a major portion of the health care expenses
annually. On average, $214 billion were spent every year in 2012-2014 in total hospital charges
for bone trauma cases. The majority of these cases require internal, external bone fixators, or
bone replacement devices. The US market solely of these devices reached $6.9 billion in 2017
[1]. Therefore, research in this area has been a hotspot for medical device companies that
compete on developing new materials and devices, especially for these cases, spending billions
of dollars annually.
Bone injuries vary in nature and subsequently the treatment method and devices used.
Some cases would require complete joint replacement after severe damage [2]. Other cases with
different levels of bone defects are treated with bone grafting methods [3]. In the case of bone
fractures, surgeons evaluate the fracture and determine the appropriate treatment to reduce and
stabilize the fracture with the help of stiff devices such as screws, nails, plates, etc. [4]. The
approved materials in use now for bone fractures can be categorized into two main groups, bioinert and biodegradable materials [5]. Over history, bio-inert materials were thought of because
they possess two main characteristics, corrosion resistance and biocompatibility. The body fluids
and aqueous environments, in general, are corrosive to metals, thus corrosion resistance was very
important to sustain the implant strength over the healing period of the bone tissue.
1

Biocompatibility determines if the material can be safely implanted for a prolonged time without
inflammation response from the host tissue. The early used metallic materials were gold and
silver, but they are expensive and have poor mechanical properties. In 1920s stainless steel alloys
were first introduced, followed by titanium, and cobalt alloys [6].
Bio-inert materials thus far showed successful outcomes to stabilize the fracture and
adhesion to the bones with the addition of bioactive coatings and claddings. However, there are
short outcomes due to their prolonged presence in the human body. For instance, the difference
in stiffness between these metals and the adjacent bones could lead to stress shielding
phenomena [7], in which the stresses flow in the hardware instead of the bones which prolong
the healing time by impairing the osteogenesis [8]. Moreover, being bio-inert means that the
implant will have to stay inside the patient’s body unless irritation or potential hazard exists.
There are cases where the implant fails by fracture or inflammation of the soft tissues around the
implant. In such cases, implant removal is necessary which results in more costs and risks
associated with any surgery such as anesthesia and infection risks. Other cases involve young
patients with continuously growing skeletons, thus any fixation must be removed in order to
allow for proper bone growth. As part of the Icorps program organized by the national science
foundation, the research team surveyed 33 orthopedic surgeons and affiliated physicians. The
surveyed physicians were asked about the frequency and the criteria on which they decide to
remove the implant. Almost 100% of young patients and 40% of adults were found subject to
implant removal surgery. The rest of the cases do not show enough negative outcomes that will
justify the costs and risks of a removal surgery, yet it is always preferred. For instance, the
standard of care in the United Kingdom was found to always advice with a removal surgery to all
cases.
2

As an alternative, biodegradable materials have been under investigation since late the
19th century for manufacturing bio-absorbable bone implants [9]. Biodegradable materials are
required to possess adequate mechanical strength and safely corrode by breaking down into
biocompatible elements. Available biodegradable materials can be categorized into polymers,
ceramics, and metals [5]. More details on the classifications and types are included in chapter II.
Magnesium and its alloys are the most promising out of the metallic biodegradable group
because of their superior biocompatibility, closest mechanical properties to natural bones, and
finally, magnesium is an essential component in dietary systems of all ages [10]. Whilst
magnesium has many favorable characteristics over other biodegradable metals such as iron and
zinc, its high reactivity and unpredicted corrosion behavior hinders its applicability as an
orthopedic implant material. Several enhancements such as alloying, coating, and heat treatment
were investigated in the literature to raise the controllability over corrosion rate and to improve
mechanical strength [7, 11]. Further, numerical models for corrosion of magnesium were
introduced to help understand and predict the corrosion behavior of magnesium in vivo, see
figure 1 [12-14].
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Figure 1 Physical modeling results of a corroding vascular stent. The results represent
magnesium concentration contour plots at different time points in the model by
Grogan et al. [15]

1.2. Problem statement
Magnesium and its alloys are promising materials for their use as bioabsorbable medical
implants. The main challenges against its applicability are the poor corrosion resistance and
unpredicted behavior in vivo. Treatments such as alloying and coating are considered essential to
improve these properties. In order to better understand and predict the behavior of the implant in
vivo, numerical models using, for instance, finite element methods are necessary. One of the
main methods of modeling the corrosion of magnesium is the diffusion-based physical modeling
4

method. Previous models in the literature were focused on the model formulation and estimated
parameters were used due to the lack of information in the literature. To the best of our
knowledge, no previous work has been done on determining the model parameters
experimentally against mass loss data under physiological conditions. Defining the model
parameters is essential for better predictions of the corrosion behavior and geometry change of
the implants. In addition, no previous investigation on modeling the coating effect on the
corrosion rate was conducted.

1.3. Approach
In this study, the gap in the literature is addressed by comparing a 2D finite element
model of corrosion against experimental standard mass loss corrosion data. The finite element
model is designed based on the physical modeling concept to predict the volume loss of the
implant. The saturation limit of the ions is measured by using the temperature feedback
technique proposed in this study by dissolving anhydrous magnesium chloride into m-SBF. In
vitro immersion test was conducted on high purity magnesium to collect mass loss corrosion
data. The measured corrosion data are then compared to the numerical model output by varying
the diffusivity parameter and defining a range of good estimates to the model parameters.
Another group of gravimetric corrosion data by immersion test are collected for coated high
purity magnesium to calibrate the effect of the added coating region to the finite element model.

5

1.4. Objectives of the study
The Objectives of this study are: (i) developing a finite element modeling approach
capable of predicting the mass loss of biodegradable magnesium-based implants, (ii) calibrating
the model parameters namely, saturation limit and diffusivity coefficient, and (iii) extending the
developed model to be able to simulate the effect of coating. The model is based on the diffusion
transport assumption of ions into the environment and the uniform corrosion behavior of pure
magnesium [16]. The modeling of coating on pure magnesium is first investigated in this study
by adjusting the model parameters to be able to model the effect of coatings, such as micro arc
oxidation, on the corrosion rate.

1.5. Significance of the study and contributions
The developed numerical model and calibrated parameters will provide the basis for
developing 3D corrosion models based on the physical modeling approach for magnesium-based
biodegradable implants. Hence a design tool will be available to complement the stress analysis
tools to assess the implant structure and facilitate the development of biodegradable implants.
The key parameters of the model proposed here are calibrated experimentally for the first time
using in vitro immersion test of high purity magnesium and saturation test. The effect of surface
coating on corrosion is investigated in numerical modeling for the first time as well.
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CHAPTER II
LITERATURE REVIEW
2.1. Introduction
2.1.1. Biodegradable materials
The treatment of bone fractures usually involves the use of internal fixation to support the
bone tissues at the fracture site during healing. Metallic, stiff and corrosion resistive materials
such as titanium [17], Stainless steel, and Cobalt alloys [18] have been successful to solve this
problem. However, biodegradable materials have been under investigation due to the limitations
of these inert alloys [19]. Limitations include the need for removal surgery for many cases as
well as the discomfort it causes for patients in the long term. Biodegradable materials thus far
can be found in polymers, ceramics, and metals [20].

2.1.1.1. Biodegradable Polymers
Biodegradable synthetic polymers such as polyglycolide (PGA), polylactide (PLA) and
polydioxanone (PDA) have been clinically used as surgical sutures with no reported
complications for the last 5 decades [21]. The latter synthetic polymers found their way into
orthopedic applications that require low strength and areas subjected to low loads such as the
hand area. They could serve as anchor pins and tacks for the ligaments and sutures [22]. Despite
the successful transition into the orthopedic applications, some cases still develop adverse effects
ranging from gas sinuses and fluid accumulation to foreign body response [23]. In such cases
7

patients were subject to further revisions to drain the sinuses and remove the remnants of the
implant.
Polymers degrade by the breakage of the bonds between the monomers in two main
ways, hydrolytically or enzymatically depending whether it is a synthetic polymer or natural.
Natural polymers such as alginate, hyaluronic acid and chitosan derivatives, and fucoidan [24]
degrade enzymatically. Hence, the degradation and activity are dependent on the location in the
body and the enzymes level. As a result, they are less attractive than synthetic polymers that
erodes hydrolytically [25]. This type of degradation is more uniform and can be controlled.
Natural polymers are yet more advantageous in terms of biocompatibility and less foreign body
response probability [26]. Biodegradable polymers in general were attractive because of their
close fit of the mechanical strength to natural tissues which could help transfer the loads
gradually to the healing area. Polymers also offer more capability for drug delivery and
antibiotics to improve the healing speed and outcomes [27].

2.1.1.2. Biodegradable Ceramics
Ceramics were originally investigated for their bio-inert and porosity characteristics
specifically alumina and zirconia [5]. The porosity of ceramics adds extra advantage over
bioinert metals as it provides the healing tissue through vascularization with nutrition and the
bone morphogenetic proteins to stimulate the growth of new bone cells [28]. In addition, the
surface porosity enhances the local interaction with the bone surface which promotes the
biointegration of the implant. Later the concept of biodegradability on top of the latter features
became attractive. Biodegradable calcium phosphates ceramics such as hydroxyapatite (HA) and
8

β-Tricalcium phosphate (β-TCP) were widely investigated [29]. Both HA and β-TCP possess
very similar mechanical and surface properties to natural bones which explains their
osteoconductivity (bone growth on its surface). However, HA alone has low solubility and is
more suitable for small volumes bone grafting after bone tumor removal. A composite of HA and
TCP as well as each with a biocompatible metal is usually used to improve degradation and
mechanical properties [30, 31]. Besides, biodegradable ceramics are also utilized as coatings to
improve biointegration of metallic implants. In an in vivo study, Oonishi et al [32] found that
coated implants from titanium alloy with HA improved the bonding strength 4 times more than
uncoated implants in the early stage of two weeks. Hence, HA coatings were widely used for
commercial orthopedic implants nowadays to improve the implant bonding strength [33]. A
remarkable application of this technology is improving cemented hip prosthesis surgeries to
cementless by using HA coated implant that improved the stability of the implant [34].
Biodegradable ceramics were also studied as coatings to improve the corrosion resistance of
other favorable biodegradable metals such as magnesium and zinc alloys [35, 36].

2.1.1.3. Biodegradable Metals
Although stiffness and chemical composition of polymers and ceramics have superior
match with natural bone, they lack enough mechanical strength for load bearing applications [5].
Three main metallic based alloys have been investigated in literature, iron, zinc, and magnesium
based alloys [37]. The use of iron as a dental implant can be dated back to 100 A.D. figure 2
[38].

9

Figure 2 a) shows the dental implant in replacement of the right second upper premolar. b) Xray image of the right maxilla [38]

In terms of availability, iron is the second most abundant metallic element in the Earth’s
crust after aluminum. It is an important mineral for the physiological systems of mammals and
human bodies [39]. For instance, it is essential for oxygen delivery from the lungs to the body
tissues through hemoglobin proteins [40]. The average daily intake of iron is the least out of the
biodegradable metals with 8 mg/day [41]. Therefore, its biocompatibility is considered the least
for concerns of iron poisoning. Alloying with elements such as Mn, C and Pd showed
improvement in cytotoxicity tests by Schinhammer et al and others [42, 43]. Other elements of
phosphorus and boron were also successful in a monolayer culture test and showed good cell
growth with superior performance to Fe-1.6P alloy [44], however, the degradation rate was
similar to pure iron. Iron is more investigated in vascular stenting applications because of its
similar mechanical strength and ductility to stainless steel. Due to the slow corrosion rate of iron,
it might fall for the same poor long-term outcomes of equivalent inert metals used for vascular
stenting. Therefore, unlike magnesium, added alloying elements are for the purpose of increasing
the corrosion rate. The addition of Pd and Pt elements was found to increase the corrosion rate by
more than twofold than pure iron using in vitro corrosion tests [45]. In osteosynthesis (bone
10

fixation treatment) however, pure iron, Fe-Mn-Pd, and Fe-Mn-C-Pd were tested in vivo by
inserting pins in rats’ femur bones by Kraus et al [46]. No significant mass loss or volume loss
occurred over the span of 1 year. In addition, no significant difference in the corrosion rate is
seen between the pure Fe and the other alloys, see figure 3. Since the main corrosion mechanism
of iron is by oxidation, the availability of oxygen around the implant is critical for degradation
[46]. In osteosynthesis, however, soft tissues surrounding the implant reduces its exposure to
oxygen in the body fluids and reduces its degradation rate. Previous studies on using Fe-based
alloys for vascular stenting applications were more successful because of the stent exposure to a
continuous stream of blood carrying oxygen. Therefore, the use of Fe alloys for osteosynthesis is
still questionable in literature.

Figure 3 Optical imaging after 4 and 52 weeks implantation, shows no significant volume loss
for the pins used in [46]

Zinc is the second most promising metal in the biodegradable metals’ category. It is also
highly biocompatible element due to its role in many physiological processes in the human body
11

including immune, sexual, and neurosensory functions [47]. Zinc is part of more than 300
enzymes and many other proteins, also it is essential for cells function, growth and multiplication
[48]. High dosage of zinc was found beneficial to prevent osteoporosis (the increase in bone
porosity) and hence improve the bone tissue strength in the healing site [49]. Its corrosion rate in
aqueous solutions is average between the fast corrosion rate of magnesium and the slow rate of
iron. It has electrode potential (−0.762 V) which falls between (−2.372 V) magnesium and
(−0.444 V) iron [50]. The main limitation on zinc usage in osteosynthesis is its poor mechanical
properties of tensile strength and ductility which highly depend on the purity and the method of
manufacturing. Cast pure zinc can have as low as 18 MPa in UTS and 0.3% ductility, 4 N Zn
manufactured by extrusion however can be as high as 180 MPa and 54% ductility [51]. As
compared to iron and magnesium, less in vivo studies are reported in literature on zinc
biocompatibility. In vascular stenting application, Bowne et al [52] reported optimal
biodegradation of pure zinc 99.99% and anti-inflammatory behavior following implantation of
zinc punctured wires in the abdominal aortas of rats. Several binary and ternary alloys were
investigated in literature to improve the mechanical properties and control the degradation rate of
pure zinc [53-55]. Yang et al [55] extensively studied elements such as Mg, Ca, Sr, Li, Mn, Fe,
Cu, and Ag both in vitro and in vivo and provided mechanical properties of all alloys. The
optimal alloy design was found to be Zn-0.8Li-0.4Mg with 646.69 ± 12.79 MPa UTS which is
optimal for load bearing application.
Magnesium and its alloys have been under more extensive research and became approved
to be commercialized for the first time in Germany in 2013 under the name MAGNEZIX® CS
(Syntellix AG, Hanover, Germany) [56]. Numerous clinical trials followed its approval and
12

showed promising results. In a pilot study [57] of randomized 26 patients underwent
osteosynthesis procedure to correct hallux valgus deformities using the same design of either
MAGNEZIX or titanium alloy. Both alloys showed equivalent outcomes clinically and
radiographically with no side effects in a 6 months follow-up period. Later in 2016, Biber et al
[58] reported the first uneventful use of MAGNEZIX in osteosynthesis treatment of fractured
osteochondral at the humeral capitulum. The contour of the implant was still visible in
radiographs after 1-year follow-up. Another successful case was later reported for the first time
in treating ankle fracture by the same group [59]. Leonhardt et al [60] later used headless screws
made of MAGNEZIX alloy to treat fractures of the condylar head of the mandible in 5 patients.
Countersunk and biodegradable screws are ideal for this type of fracture to prevent the irritation
to the soft tissues and the high density of nerves surrounding the fracture. All patients showed
successful reduction of the fracture within the first 3 months which proves no intervention from
the screw to the healing process. In the area of hand surgery, the same alloy was reported
successful to treat scaphoid fractures and inter-carpal fusions, no need for removal and
replacement of the implant with bone like tissue is reported [61]. In comparison to conventional
titanium alloy, magnesium alloy in MAGNEZIX showed lesser artifacts effect in radiography,
CT, and MRI imaging [62]. Figure 4 by Seitz et al [63] summarizes the early development of this
alloy. In a large cohort of 100 patients used magnesium screws in the treatment of hallux valgus
deformities were reviewed in the study by Klauser [64]. Cases were compared to other 100
patients used conventional titanium alloys and no differences or complications were reported
regardless of the gender or the age groups.
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Figure 4 The milestones of MAGNEZIX development. Reprinted from [63]

Elemental magnesium was first discovered by Sir Humphrey Davy in 1808 [65]. Later
Michael Faraday produced metallic magnesium by electrolysis of anhydrous magnesium chloride
salt in 1833 [65]. During that time magnesium applications varied between pyrotechnical
powders or igniting bands but the first use in medicine is most likely by Edward C. Huse who
used magnesium wires as ligatures in 1878 and discovered the biodegradable properties of the
metal [66]. The first pioneer in investigating the biodegradation of magnesium is the physician
Erwin Payr from Graz, Austria [67]. By 1900, Payr already tabulated the factors that contribute
to magnesium corrosion in vivo, such as tissue oxygen, water content, and the dissolved salts in
the blood [67]. Early in vivo investigations are summarized here [67] and the latest in that era is
by Wilflingseder et al [68] who reported successful use of pure magnesium foils and wires in
1981 for the treatment of haemangiomas in 27 human patients in the follow up of 5 years.
As compared to engineering metals, magnesium is the lightest with high specific strength
as compared to structural materials (e.g. Aluminum and steel) which motivated many mechanical
designers to utilize it in automotive industry [69]. Table 1 summarizes the mechanical properties
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of magnesium vs. aluminum and iron. Magnesium AZ91D alloy has 17% more specific strength
compared to A380 aluminum alloy in this summary.

Table 1 Mechanical properties of Mg, Al, and Fe [69]
Property

Magnesium

Aluminum

Iron

Density (g/cm3)

1.74

2.7

7.86

Elastic Modulus (Gpa)

44.126

68.947

206.842

Tensile Strength (Mpa)

240 (for AZ91D)

320 (for A380)

350

In osteosynthesis treatment, low stiffness, high tensile strength, formability and
toughness are the most favorable qualities that physicians look for to better fit the patient needs
and reduce the possibility of implant failure in the long run. From Table 2 Magnesium alloys
combine between better toughness, closer stiffness to natural bone and tensile strength as
compared to bioinert metals such as titanium and stainless steel, and other all biodegradable
materials. Magnesium ranks first in biocompatibility measures out of biodegradable metals.
Magnesium plays an important role in human metabolism and is considered the most abundant
mineral in the human body [10]. It is essential to many enzymes and responsible for stabilizing
the DNA and RNA structures [70]. The recommended dietary allowance (RDA) of magnesium is
400 mg/day for average adult males which is more than 20 times the RDA of iron and zinc
combined [1].
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Table 2 Summary of mechanical properties of Mg vs. biomedical material [10]
Natural
Properties

Stainless Synthetic
Mg alloy Ti alloy

Co–Cr

bone

steel

hydroxyapatite

Density (g/cm3)

1.8-2.1

1.74-2.0

4.4-4.5

8.3-9.2

7.9-8.1

3.1

Elastic Modulus (Gpa)

3-20

41-45

110-117

230

189-205

73-117

758-

450170-310

600

1117

1000

55-115

N/A

50-200

0.7

Compressive yield strength
130-180

65-100

(Mpa)
Fracture toughness
3-6

15-40

1/2

(MPam )

However, magnesium is the most reactive metal especially in chloride containing
environments [71]. Therefore, its corrosion behavior can be severe and unpredictable. The high
biocompatibility of magnesium and its corrosion products motivates many researchers to
investigate solutions to overcome this limitation. Alloying and surface treatment are widely
investigated tools to improve the corrosion resistance and mechanical properties. Elements such
as but not limited to Zn, Mn, Al, Ca, Li, Zr, Y, and rare earth metals (RE) were reported in
binary and ternary magnesium based alloys with improvements in corrosion resistance in vitro
[72]. Due to the high activity of magnesium, it is very sensitive to impurities levels and hence the
manufacturing and purity of raw materials used in literature. For instance, the addition of 3% wt
Zn was shown to improve the mechanical properties yet reduces corrosion resistance of pure
magnesium [73]. On the other hand, 6% wt Zn added to high purity magnesium and with a
controlled clean melting and mixing process was shown to improve the corrosion rate of pure
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magnesium [74]. Rosalbino et al [75] investigated the further addition of Mn, Ca, and Si
elements to Mg-2Zn alloy. In comparison to AZ91 alloy, the addition of 0.2Mn to Mg-2Zn alloy
increased the corrosion resistance to 4 folds while 0.2Ca and 0.2 Si reduced it. Rare Earth
Elements REE were widely studied as it reduces the corrosion rate of magnesium alloys as well
as enhancing mechanical properties. The addition of REE reduces the stress corrosion cracking
significantly [76] and reduces the corrosion rate in general both in vitro and in vivo [77, 78].

2.2. Corrosion behavior in magnesium alloys
Magnesium is the least noble metal in the galvanic series with electrode voltage of
(−2.372 V), thus very reactive and is used as a sacrificial anode in cathodic protection of more
noble materials [79]. Corrosion of magnesium takes many forms; galvanic corrosion, localized
corrosion and stress corrosion cracking [16].

2.2.1. Galvanic corrosion
Magnesium is highly susceptible to galvanic corrosion due to its high reactivity. The
galvanic corrosion is manifested externally when the pure metal comes in contact with a more
noble metal, or internally when the magnesium metal itself contains impurities or secondary
phases that work as cathodes and forms an internal galvanic couple in the presence of a
conductive medium (i.e. moisture, electrolyte, etc.), figure 5 [1, 16]. External galvanic corrosion
results in the anodic metal corrosion around the contact area and is affected by the difference in
voltage, the contact area, and the conductivity of the medium [16, 80]. Equation 1 provides an
estimate of the galvanic corrosion current ig [80].
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𝑖𝑔 = 𝑅

𝐸𝑐 −𝐸𝑎

(1)

𝑎 +𝑅𝑐 +𝑅𝑚 +𝑅𝑠

Where Ec and Ea are the open circuit potentials of the cathode and anode, Rc and Ra are the
cathode resistance and anode resistance respectively, Rm is the metal resistance from the anode
surface to the cathode surface through a metallic path, and Rs is the resistance of the solution
between the anode and cathode [80].

Figure 5 a) Internal galvanic corrosion, b) External galvanic corrosion, Reprinted from [1]

From figure 5, pure magnesium or solid solution of magnesium with alloying elements
such as Al, Zn, Ca, Mn, and some rare earth elements is represented by the  phase. This phase
is anodized by the contact with cathodic phases or agglomerated impurity grains represented by
the phase , and/or the contact with external nobler metal [81]. In result, a current of electrons
flows between the two phases freeing magnesium ions which flows to form corrosion products
on the surface or dissolve into the surrounding medium [1]. This overall reaction is described by
equation 2 [82].
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Mg + 2H2O → Mg(OH)2 + H2

(2)

Which is the sum of the following reactions [82]:
Mg → Mg 2+ + 2e− (anodic reaction)

(3)

2H2 O + 2e− → H2 + 2OH − (cathodic reaction)

(4)

Mg 2+ + 2OH − → Mg(OH)2 (product formation)

(5)

The developed quasi-passive layer of magnesium hydroxide reacts with chloride containing
environments and develops highly soluble magnesium chloride [13].

2.2.2. Localized corrosion
The first form of highly localized corrosion in magnesium is the pitting corrosion.
Magnesium is subject to pitting corrosion in chloride containing non-oxidizing solutions at its
free corrosion potential [83]. Pits start on the surface of magnesium alloys around secondary
cathodic phases (e.g., AlMn, AlMnFe, Mg17Al12, and Mg2Cu) after the breakage of the
protecting passive layer [71]. Followed by the formation of a electrolytic cell where the
magnesium matrix is the anode, corrosion continues inwardly and widen the pit until corrosion
products forms and cover the pit, figure 6 [1, 71]. Al rich magnesium alloys were shown to have
more resistance to pits propagation because of the Al rich zones [84]. However, intergranular
corrosion, another form of localized corrosion, was seen in Mg-Al alloys [84]. Magnesium is
considered immune to this form of corrosion because the grain boundary is cathodic protected by
the surrounding grains and corrosion usually occurs on the adjoining areas causing undercut of
the grains [16]. Filiform corrosion that is common in coated metals and appears as undermining
track below the coating is caused by a moving galvanic couple with the leading head is anodic
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and the tail is cathodic [16]. This type of corrosion was reported to occur in uncoated pure
magnesium [85] in dichromate and chloride containing electrolytes and Mg-based metallic
glasses in borate solutions [86].

Figure 6 Schematic of the pitting corrosion [1]

2.2.3. Stress Corrosion Cracking (SCC)
SCC as the name suggest is a combination of mechanical stress and corrosion resulting in
cracks in the material. SCC is a dangerous form of damage in structural materials because when
a critical crack size is reached combined with the applied load, a sudden catastrophic failure
might occur. SCC requires interaction between three main conditions: (1) mechanical loading,
(2) corrosive environment and (3) a susceptible material [87]. This type of corrosion was found
to occur both intergranular (IGSCC) (between the grains) and transgranular (TGSCC) (through
the grain itself) with the latter more observed [87]. IGSCC can occur by initial preferential
dissolution of the metal which generates small cracks, figure 7a. Applied loading continues to
open the crack allowing more corrosive ions to attack the newly exposed surfaces. Another
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hypothesis is that applied stress causes rupture of the passive protecting layer exposing the metal
and initiating a micro galvanic cell [88]. If the rate of repassivation is insignificant or less than
the rate of the film rupture, the crack continue to grow [89]. In addition, Pickering et al [90]
introduced the hypothesis of the tunneling mechanism in which SCC is initiated by tunnel like
pits close to each other. The applied loading subsequently tears the thin ligaments of the material
in between, generating a crack.
TGSCC is more pronounced and mainly occurs due to cleavage fracture. The lack of slip
systems in most magnesium alloys is due to the HCP crystal structure which makes them
susceptible to cleavage fracture [91]. This model comprises alternating stages of highly localized
electrochemical corrosion attack and mechanical fracture due to stress concentration [87], figure
7b. A crack continues to propagate until it meets an obstruction such as the grain boundary.
When this boundary starts to corrode, the process repeats itself again. Hydrogen embrittlement
was also hypothesized to contribute to the TGSCC in aqueous environments, due to the hydrogen
evolution from the reaction between magnesium and water, equation 2. Hydrogen diffuses
around the crack tip increasing the brittleness and causes the crack to propagate [92].

(a)

(b)

Figure 7 a) Schematic of preferential corrosion attack, b) The sequence of cleavage fracture
formation. Reprinted from [87]
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In order to mitigate the SCC in magnesium alloys, research was conducted on the effect
of several coatings to protect the metal surface and drop one of the main factors contributing to
the SCC which is exposure to the environment. Using slow strain rate test (SSRT) under certain
environment, researchers could test the effect of any modification on the material’s susceptibility
index to SCC IUTS [93, 94]. Peron et al [94] investigated the use of titania and zirconia coatings
on AZ31 alloy and conducted the SSRT in a SBF and concluded that both coatings reduced the
IUTS index by 6% and 40% respectively. Heat treatment such as precipitation hardening was also
shown effective in reducing the index in AZ31B magnesium alloy [95]. The increase in
Aluminum content can increase the susceptibility to SCC [96] and was attributed to the increase
in the Mg17Al12 phase volume fraction.

2.3. Microarc oxidation coating (MAO)
The developed surface coatings for magnesium alloys can be classified to substrate
involving coatings and non-substrate involving coatings [97]. The substrate here refers to the
base metal (i.e. the magnesium alloy) where the surface of the metal may or may not contribute
by conversion to form the coating layer [97]. MAO or plasma electrolytic oxidation (PEO) is a
substrate involving coating method where the surface is oxidized to form a porous magnesium
oxide layer. Electrochemical corrosion tests as well as immersion tests have shown significant
corrosion resistance improvement after MAO on magnesium alloys [97, 98].
MAO is a form of anodic oxidation of the metal in an electrolyte. The surface of the
metal reacts with the oxygen bubbles formed by the water electrolysis to form a passive layer of
oxides and hydroxides. Under the applied high voltage, the breakdown arcs develop on the gas
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bubbles forming the localized plasma arcs, figure 8, that melts down the surface mixture together
to form a ceramic layer containing the oxides and ions from the electrolyte [99].

Figure 8 The development of the micro arcs and intensity over time [99]

The process parameters include the substrate itself or the base metal being coated, the
electrolyte composition, the duration, and the electric regime parameters. The latter comprises
either the voltage or the current value being constant over the coating process and the pulsating
frequency of the discharge [99]. Varying these parameters has been shown to affect the coating
layer thickness, the overall corrosion resistance, and the wear resistance [100]. In a previous
study, a successful ceramic layer of 10 m was formed on a Mg-Zn-Ca-Mn alloy using a
controlled pulsed DC current of 50 mA/cm2 density and 5000 Hz pulsing frequency. The
electrolyte is a solution of 3 g/L (NaPO3)6 and 8 g/L KF-2H2O. The formed layer was shown to
improve the corrosion resistance and contains biocompatible elements [101]. However, the
process parameters need more investigation to match the base metal of high purity magnesium.
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2.4. Corrosion models
Numerical models in general provide cheap and quick means to test and prototype
products. When it comes to biodegradable implants, it is essential to have a tool that can predict
the implant behavior in vivo. The main characteristics in orthopedic implants in general, besides
the biocompatibility, are its mechanical integrity and optimized low volume. An optimal
biodegradable orthopedic implant should: (1) show enough strength during the healing of the
fractured site and (2) with the least metal volume to reduce the irritation to the surrounding soft
tissues. Thus, numerical modeling of biodegradable materials with especial focus on magnesium
alloys is shown in literature. In this quest, many numerical models have been investigated in
literature to predict the mass loss and strength of the implant vs. implantation time. The models
proposed to the moment can be classified based on the method used to phenomenological models
and physical models.

2.4.1. Phenomenological modeling
Phenomenological models are used to describe the apparent material damage caused by
corrosion such as material loss and formation of pits and cracks, hence the name
phenomenological [1]. This method is based on the continuum damage theory (CD) first
introduced by Lemaitre, J. and his coworkers [102]. This theory has evolved to describe the
material deterioration due to mechanical and thermal loads and the effect of this damage on the
strength and stiffness. A scalar field of a damage parameter and evolution constitutive equations
were introduced as a measure of this deterioration. Loaded structures are known to occasionally
develop micro-cracks because of the rupture between the grains [102]. In result, the load bearing
area is reduced on a macro scale due to the accumulation of these defects. The scalar field
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parameter D in equation 6, ranges between 0 to Dcr<1 where 0 means a completely sound finite
volume of the material and Dcr on the other hand means a completely damaged finite volume.
𝜎

𝜎̃ = 1−𝐷

(6)

Where σ is the true stress and 𝜎̃ is the effective stress considering the damage. Derived from
equation 6, Dcr is reached when the effective stress reaches the ultimate tensile strength of the
material.
Corrosion modeling was inspired by this concept by developing constitutive equations
which are function in the damage parameter and the kinetics of the corrosion behavior to be
modeled [12, 103-107]. For biodegradable magnesium, a few studies were published in this
regard and included equations for uniform, localized, and stress corrosion cracking behaviors.

2.4.1.1. Uniform corrosion modeling
Gastaldi et al. [106] published the first attempt in using continuum damage modeling
(CDM) in a finite element framework to model both the uniform galvanic and stress cracking
corrosion in magnesium stents. The damage parameter was suggested to be the summation of the
uniform damage and stress corrosion damage as in equation 7 [106].
𝐷 = 𝐷𝑈 + 𝐷𝑆𝐶

(7)

Where DU is assumed to develop according to:
𝛿
𝐷̇𝑈 = 𝐿𝑈 𝑘𝑈

(8)

𝑒

Where 𝐷̇𝑈 represents the rate of evolution of damage factor. δU is a characteristic dimension for
the uniform corrosion process (e.g. the critical thickness of the corrosion film). Le is the
characteristic length associated with the finite element type. 𝑘𝑈 represents the kinetics of the
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uniform corrosion and the material. The ratio

𝛿𝑈
𝐿𝑒

normalize the evolution rate based on the

element size 𝐿𝑒 to exclude the mesh effect [106]. A summary of these parameters is given in
table 3. This type of corrosion is exposure mediated, therefore only elements on the free surface
are assigned initial conditions of damage factors and once elements on the surface are damaged,
the corrosion is initiated in the connected elements according to an inheritance criterion [106]. In
their model [106] the concept of the radius of effect was used to mark the new corroding
elements while Grogan et al [107] used element connectivity criterion. Wu et al [108, 109] used
the previous model to test the difference in the stent design on the recoil time of the stent. They
found that an optimized stent design can reduce the amount of material used as well as the
scaffolding time.

Table 3 Summary of uniform corrosion model parameters
𝜹𝑼 (𝝁𝒎)

Research group

Material

Gastaldi et al [106]

AZ31,AZ61, AZ80, ZK60

𝑳𝒆,𝒎𝒂𝒙 (𝝁𝒎)

𝒌𝑼 (𝒉−𝟏 )

100

40

0.01-0.1

and ZM21
Grogan et al [107]

AZ31

170

70

0.026

Wu et al [108]

AZ31

100

40

0.005

2.4.1.2. localized pitting corrosion modeling
In uniform corrosion models, elements on the surface were given the same initial
conditions of the damage factor. In the model by Grogan et al [107] figure 9, they extended
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equation 8 to account for the randomness of the corrosion on the surface by adding the element
specific coefficient e.
𝛿
𝐷̇𝑈 = 𝐿𝑈 𝜆𝑒 𝑘𝑈

(9)

𝑒

Where e is given initial random value between 0 and 1 using a standard Weibull based random
number generator [107]. Further, the inheritance of e is given by equation 10, where  was
called the acceleration factor to represent the accelerated pitting corrosion, and n is the
coefficient associated with the damaged element.
𝜆𝑒 = 𝛽𝜆𝑛

(10)

The authors in this work concluded that the pitting model provided more conformance to
experimental data than of a uniform corrosion model in AZ31 alloy. In the model by
Amerinatanzi et al [12], the pitting model was also used combined with stress corrosion cracking
model. From the mass loss immersion test of Mg-Zn-Ca alloys, response surface methodology
was used to calibrate the model parameters, table 4. Gao et al [110] used the same model in
Gastaldi et al [106] and utilized the addition of e parameter differently in equation 9. e was
used to account for the difference in the exposed surface area. Immersion test of AZ31B cubes in
0.9 wt% NaCl solution with varied number of exposed surfaces intuitively showed an increase in
the corrosion rate with the increase in the exposed area. Hence, element specific corrosion rate
should not be similar for elements with different surface area.

27

Figure 9 Corrosion model of endovascular stent by Grogan et al [107]

Shen et al [111] investigated using the modified fatigue damage model in [112] to model
the corrosion fatigue in HP-Mg and WE43. The total damage is the result of the corrosion
damage in the model by Gastaldi et al [106] and the damage due to fatigue. The fatigue damage
evolution is calculated using equation 11.
𝑑𝐷𝑓
𝑑𝑁

2𝑞

=

𝜎𝑒

𝐵(1−𝐷𝑓 )

(11)

2𝑞

Where Df is the damage factor due to fatigue, N is the number of load cycles, is Von Mises
stress, q and B are material properties calibrated by experiment. The overall damage D was
evaluated by a multiplication rule instead of superposition, equation 12.
𝐷 = 1 − (1 − 𝐷𝑐 )(1 − 𝐷𝑓 )

(12)
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Where Dc is the damage due to corrosion. Figure 10 shows a flowchart of the model algorithm
developed in [111]. To this end, a summary of the CMD pitting model parameters is given in
table 4.

Table 4 Summary of pitting model parameters
Research group

Material

𝜹𝑼 (𝝁𝒎) 𝑳𝒆,𝒎𝒂𝒙 (𝝁𝒎)

𝒌𝑼 (𝒉−𝟏 )







Grogan et al

AZ31

17

70

0.00042

0.2

-

0.8

AZ31, Mg-Zn-Ca

-

-

0.1005

2.748

2.60477

5.1

Gao et al [110]

AZ31B

17

-

0.026

-

-

-

Shen et al [111]

HP-Mg

𝜹𝑼 𝒌𝑼 = 0.117𝜇𝑚ℎ−1

-

-

-

WE43

𝜹𝑼 𝒌𝑼 = 0.07𝜇𝑚ℎ−1

-

-

-

[107]
Amerinatanzi et
al [12]

29

Figure 10 Flowchart diagram of the algorithm developed in [111]
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2.4.1.3. Stress corrosion cracking modeling
Gastaldi et al assumed the same damage evolution model that describes the SCC in
stainless steel by da Costa-Mattos et al [113], equation 13. This model is stress mediated which
means it is not limited to the free surface.
𝜕𝑑𝑠𝑐
𝜕𝑡

𝐿𝑒

= {𝛿𝑠𝑐

̅𝑒𝑞 𝑅
𝑆∗𝜎

(1−𝑑 ) , 𝜎̅𝑒𝑞 ≥ 𝜎𝑡ℎ ≥ 0

(13)

𝑠𝑐

0, 𝜎̅𝑒𝑞 < 𝜎𝑡ℎ

Where dSC is the damage factor due to stress corrosion, 𝜎̅𝑒𝑞 is the stress measure for the
controlling stress (i.e. Von Mises stress, maximum principal stress, etc.). S and R are constants
related to the kinetics of the stress corrosion process and can be a function of the corrosive
environment. SCC was observed to only occur above threshold value of stress and hence the 𝜎𝑡ℎ
criterion in equation 13. This model was subsequently used in all the following studies that
included the SCC model [12, 110, 111]. Debusschere et al [114] combined between the pitting
and SCC CMD model and investigated the use of an implicit finite element solver instead of
explicit to minimize the computational effort.
Phenomenological modeling using CMD is a powerful tool to model the damage due to
corrosion in a complex 3D structure such as stents and orthopedic scaffolds. The main
limitations however are the inability to capture the driving force to corrosion (e.g. chemical
reactions on the surface) or surface modifications. Moreover, physical models could be
combined with moving boundary and level set method algorithms to capture the geometry
change due to the free surface movement [13, 15].
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2.4.2. Physical modeling
The name came after the fact that this method of modeling is based on mathematical
formulation of the physics driving the corrosion (e.g. diffusion, convection, and electrochemical
migration (ECM)) [14]. The total transport of a charged specie i in a fluid is represented by
Nernst-Planck equation 14 [14]. Physical models in literature are split in two main groups based
on the driving force being modeled, activation controlled (i.e. ECM), and transport controlled
models [1].
𝑁𝑖 = −𝐷𝑖 ∇𝑐𝑖 − 𝑧𝑖 𝐹𝑢𝑖 𝑐𝑖 ∇∅ + 𝑐𝑖 𝑈

(14)

Where, 𝑁𝑖 is the flux, 𝐷𝑖 is the diffusion coefficient, 𝑐𝑖 is the concentration, 𝑧𝑖 is the charge and
𝑢𝑖 is the mobility of species i respectively, F is the Faraday’s constant, ∅ is the potential and U is
the fluid velocity. The first term represents the effect of the diffusion on the flux. The second
term is the galvanic corrosion effect and the third is the convection effect.

2.4.2.1.

Activation controlled corrosion modeling

In this approach, the environment is assumed well mixed and there is no concentration
gradients leading to diffusion and the fluid is incompressible so no convection is included [14].
From the conservation of flux, equation 15, a Laplace like equation 16 with the electrochemical
potential is the field parameter used [14].
𝜕𝑐𝑖
𝜕𝑡

= −𝛻 . 𝑁𝑖

(15)

∇2 ∅ = 0

(16)

Deshpande [14] used this model to study the effect of the phase distribution in
magnesium alloys and concluded that a continuous phase showed better corrosion resistance
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compared to a discrete distribution. Monotoya et al [115] used this model to investigate the
corrosion of AZ31 alloy in vivo. The authors concluded the addition of a new factor to the
corrosion rate of magnesium which is the amount of the corrosive fluid surrounding the implant.
Wilder et al [116] solved this model using finite difference and level set formulation to model the
external galvanic corrosion between magnesium AE44 alloy and mild steel. The corrosion front
speed used in the level set approach was related to the anodization current equation 17 [116].
Similar work by Jia et al [117] on AZ91D coupled with steel used the boundary element method.
The effect of corrosion products formation and its porosity was shown coupled to the galvanic
corrosion model [118].
𝑟𝑐 =

𝑀
𝑖
𝑧𝐹𝜌 𝑎𝑛𝑜𝑑𝑒

(17)

2.4.2.2. Transport controlled corrosion modeling
The potential applied, which represents the activation effect, is the dominant factor at the
very beginning of corrosion. However in the long run, the corrosion was found to be independent
of the activation effect [119]. Increasing the voltage no longer increases the current since a
passive corrosion product precipitates on the surface restricting the ions from migration to the
solution. Furthermore, in an in vivo scenario, there are layers of the tissues surrounding the
implant, reducing the voltage difference effect. Hence, the corrosion process can be considered
transport-controlled instead, since species will have to flow through the corrosion surface and
any deposited layers on the surface (e.g. tissue cells, coating, etc.). Transport of species i as
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represented by Nernst–Planck equation 14 [14], under the assumption that the corrosion is
mainly transport controlled, Fick’s law of diffusion reveals:
𝜕𝑐𝑀𝑔
= 𝛻(𝐷𝑀𝑔 . ∇𝑐𝑀𝑔 )
𝜕𝑡

(18)

Figure 11 shows a schematic of the migration of ions under the diffusion effect.

Figure 11 Schematic of the assumed corrosion process. Mg++ ions dissolve into the solution
which has solubility limit of 𝐶𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 . As the Mg++ ions dissolve, the boundary
moves inwards with velocity v in normal direction to the boundary [1]

This model was used by Grogan et al. [15], Scheiner et al. [119], Gartzke et al. [120] and
Bajger et al. [13] while the latter added the effect of the corrosion product formation and
degeneration to the equation. This equation is controlled by 4 parameters that control the
transport process [119]. The first two parameters are the concentration of the magnesium in the
solid material which can be considered as the density in the case of a pure magnesium, and the
magnesium initial concentration in the environment. The third is the saturation concentration of
the magnesium into simulated body fluid (SBF) under particular pH and body temperature. The
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last is the diffusivity of the magnesium ions into the SBF solution. The last two parameters need
further experimental work since they are very controversial in literature [15].
Knowing the governing equation for corrosion, now the movement of the corrosion
surface was investigated in the previous studies. For Grogan et al. [15] and Scheiner et al. [119]
the moving boundary method was used. A method was originally developed to model the
ice/water transformation. For the other two groups, the level set method was used for its ability
to follow the complex topology of the corroding surface. It is noteworthy that Grogan et al. [15]
group is also working on this method as they mentioned at the end of their paper while taking the
effect of the corrosion product formation into consideration. The mass loss in these models is
calculated based on the volume reduction due to the surface shrinkage.
The work done by Bajger et al. [13] can be considered an extension to the work done by
Grogan et al. [15]. In their model, they added the effect of the chemical reaction that happens at
the corrosion surface resulting in deposition and dissolution of the corrosion products to better
simulate the real scenario. In the model by Grogan et al, they assumed the presence of the
corrosion products in the very first-time interval and their model was for long term corrosion. A
set of coupled differential equations (19-22) was assumed to control the corrosion process which
added more parameters to calibrate. Equation 19 relates the 𝑐𝑀𝑔 to the corrosion products
thickness denoted by F and the chlorine ions concentration. Up to the first term in the equation, it
is typically the same as the model by Grogan et al.
𝜕𝑐𝑀𝑔
𝐹
𝑒
= 𝛻(𝐷𝑀𝑔
. ∇𝑐𝑀𝑔 ) − 𝑘1 𝑐𝑀𝑔 (1 −
) + 𝑘2 𝐹𝑐𝐶𝑙 2
𝜕𝑡
𝐹𝑚𝑎𝑥

(19)

Second term is negative and is valid as long as 𝐹 ≤ 𝐹max , the negative sign means it has
reducing effect on the rate of change in 𝑐𝑀𝑔 with a relation constant k1. On the other hand, the
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rate of change is increased by the diffusion term and the degeneration of the corrosion product
represented as function in the 𝑐𝐶𝑙 presence and has the rate constant k2.
Equation 20 is about the rate of formation of the corrosion film and it is function in 𝑐𝑀𝑔 and 𝑐𝐶𝑙 .
𝜕𝐹
𝐹
= 𝑘1 𝑐𝑀𝑔 (1 −
) − 𝑘2 𝐹𝑐𝐶𝑙 2
𝜕𝑡
𝐹𝑚𝑎𝑥

(20)

And finally, the rate of change in 𝑐𝐶𝑙 following the diffusion law which needs further calibration
for the diffusivity coefficient.
𝜕𝑐𝐶𝑙
𝑒
= 𝛻(𝐷𝐶𝑙
. ∇𝑐𝐶𝑙 )
𝜕𝑡

(21)

The relation between corrosion products formation and slowing down the diffusion is interpreted
in relating the diffusivity factor to the corrosion film thickness which is called the effective
diffusivity. Assuming the corrosion products is a porous medium, equation 22 was introduced by
Bajger et al. [13] to calculate the new effective diffusivity at each time step.
𝐷𝑐𝑒 = 𝐷𝑐 ((1 −

𝐹
𝐹𝑚𝑎𝑥

)+

𝐹 𝜖
)
𝐹𝑚𝑎𝑥 𝜏

(22)

Where 𝐷𝑐𝑒 is the effective diffusivity of species c, 𝜖 is the porosity and tortuosity 𝜏 of the
assumed layer of Mg(OH)2 and 𝐷𝑐 is the free diffusivity at zero corrosion film thickness.
Tortuosity of a porous medium is defined as the ratio of the average actual flow path length to
the straight distance between the medium start and end [121].
Modeling of stress corrosion cracking that is induced by hydrogen embrittlement of
AZ91 alloy is investigated by Dietzel et al. [122]. Since the fracture is assumed to be a result of
hydrogen accumulation in corrosion pits, a mesoscale fiber bundle model is introduced in which
failure is assumed as the successive failure of parallel fibers to the applied load. The hydrogen
embrittlement is simulated as the reduction in the critical strain at failure as a function in the
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hydrogen concentration in the fiber. The critical strain at failure in the air is measured and
equation 23 holds this relation.
𝜀𝑓 = 𝜀𝑓0 exp(−𝑥𝐻 𝑢𝐻 )

(23)

Where 𝜀𝑓 , 𝜀𝑓0 are the critical strains at the failure of the material when deformed in an aqueous
environment and in air respectively. The factor 𝑥𝐻 is a numerical constant, 𝑢𝐻 is the normalized
hydrogen concentration (i.e. 𝑢𝐻 = 𝐶𝐻 /𝐶0 ), 𝐶0 is the normalizing hydrogen concentration. Now
equation 23 is a function in hydrogen concentration. Finite difference method was used to solve
for this concentration in a two-dimensional model. Boundary conditions for the concentration
were used to capture the stochastic nature of the pits’ initiation, thus random elements on the
outer surface are randomly selected to have unity hydrogen concentration to start the diffusion
problem. Hydrogen diffusivity was determined to be 𝐷𝑒𝑓𝑓 = 2𝑥10−13 𝑚2 𝑆 −1 and 𝑥𝐻 = 5 to best
match experimental results.

2.4.3. Modeling of coating effect
Magnesium is often subjected to alloying, coating, or mechanical processing to limit the
degradation rate to safe levels inside the body [10, 123]. Different coating techniques were
reported in literature to improve the corrosion resistance of magnesium alloys [7]. In order to
model such effect, coating can be represented by reducing the diffusivity at the implant boundary
as compared to uncoated alloy using similar equation as in equation 22. In addition, interaction
or degradation of such coating can be considered in analogous manner as discussed in Bajger et
al. [13]. Figure 12 shows the results by the latter group in modeling the corrosion products
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distribution on the surface. As mentioned earlier, modeling of such effects distinguishes the
physical modeling approach over phenomenological models.

Figure 12 F represents the corrosion products concentration on the sample surface, (a) at time
t=0; (b) at t= 7days of immersion [13]

2.4.4. Cellular automata corrosion modeling approach
Another method that combines the phenomenological and physical methods is based on
the cellular automata (CA) approach. To the best of the authors’ knowledge, this method has not
been investigated for modeling biodegradable metals but will be reviewed in this section for its
high potential for future research. Pidaparti et al. [124] used this method to model pitting
corrosion on aircraft aluminum on two-dimensional grid. For a summary of the complex physical
systems that can be modeled using cellular automata refer to this ref [124]. In this method, the n38

dimensional domain is discretized into cells while each cell carries a state variable. Each cell has
a neighborhood of cells that interacts with it. There are several neighborhoods that vary in size to
represent how localized the interaction is. The evolution of each cell state is a function in the
selected neighborhood cells states which is represented by a rule in the modeling code. Thus
starting from initial conditions at t0 subsequent states can be calculated [125]. Since pitting
corrosion or corrosion, in general, is due to an interaction between metal phases, thus this
method can be used by correctly selecting the right rules for transitioning from time t to t+1.
CA combines between the properties of the phenomenological models that the corrosion
surface tracking is not required and the physical models where the physics of the corrosion can
be captured. Corroded elements can just be hidden at a threshold value of state which is similar
to the continuum damage model with a scalar field of a damage factor. It shares the ability to
capture the physical interaction between the metal and the solution with the physical modeling
methods. Furthermore, CA does not require heavy finite element or finite difference calculations,
hence, higher resolution and smaller time steps can be achieved.
Pidaparti et al. [124] developed a 2D simulation of the random pitting corrosion in two
steps. The first step or sub-model is the pitting initiation model in which each cell u is assigned
an initiation state I(u,t). At each time step, the initiation state is increased with a random number
to represent the probabilistic nature of pitting. Once I(u,t) exceeds a threshold value H, the
corrosion sub-model begins with assigning a low corrosion state S(x,t) = 3:5 on the range from 0
for uncorroded to 255 for completely corroded in their model. They defined the rule for state
development over time as a function in the relative location of neighbor cells to the central cell,
the electrochemical properties, and the environment properties from pH and temperature which
represents how this method is similar to physical modeling.
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Di Caprio et al. [126] introduced a general two-dimensional CA-based model for a
combined uniform and pitting corrosion for metals. Furthermore, the model can capture the
formation of a passive layer that affects the corrosion rate via diffusion of corroded metal grains
and precipitation on the surface. The model is a function in 4 simple parameters (i) a parameter
that represents the ratio of the diffused corrosion products to the standstill portion on the surface,
(ii) a single parameter that represents all the kinetics of the metal corrosion and can be metalspecific, (iii) a parameter “” that differentiate between the uniform corrosion region with less
corrosion rate and the bottom region that represents pitting localized corrosion with a higher
corrosion rate, and (iv) a parameter “” that modulates the corrosion rate in the two regions.
Holding the first two parameters constant and tweaking the last two parameters reproduced a
complex morphology that qualitatively matches experimental images, see figure 13. In later work
by the same group, Stafiej et al. [127] used a two dimensional CA model to illustrate the pit
formation due to the depassivation in the surface layer. Development rules were put to account
for the repassivation and dissolution of the pit surface. Phenomenon like peninsula formation and
islands detachment could be observed as in [127].

Figure 13 Time snapshots of the 2D model by Di Caprio et al, =0.7 and =0.3 [126]
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Lishchuk et al. [128] developed a CA model for the intergranular corrosion process based
on 4 parameters and 2 sets of rules that govern the corrosion rate or the movement of the
corrosion surface. The simulated metal is modeled as a brick wall, where bricks represent the
grains, and the mortar represents the grain boundary phases. The metal is covered by a layer of
passive film that is also assumed to corrode. The first three parameters of the model are
probabilities of corrosion of the different structure elements namely grains, grain boundaries, and
surface layer. The intergranular corrosion was modeled by giving the grain boundary cells the
top corrosion probability. The fourth parameter is the time step. Since the time step is not
implicit in the model development equation (e.g. CD models), it has to be calibrated as a
dependent parameter in CA models to fit the experimental results. The dissolution of corrosion
products was modeled by random walks in the program in which the corrosion products were
allowed to migrate in random paths until it disappears in the solution.
Di Caprio et al. [129] expanded their model to a more general three dimensional CA
model to study the intergranular and transgranular corrosion. The same concept of probabilities
as in [128] is used to study the effect of the geometry and distribution of the grains on the
corrosion rate. Using the concept of probabilities could help reduce the time steps required by
increasing the probability of corrosion [129]. Grains were modeled as cubes, bricks, and random
shapes generated by Voronoï tessellation to study the effect of grains geometry. More random
grain shapes can force the intergranular corrosion path to elongate and change direction rather
than just in the normal direction to the corrosion surface as for cube and brick-shaped grains.
Generally, corrosion rate was found faster using the 3D model than the previously developed 2D
models by the same group [129].
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2.4.5. Corrosion surface tracking: Level set method
The level set method is widely used in several applications and it was first introduced by
Osher and Sethian in the late 1980s to model the propagation of the interfaces between two
moving media [130]. For a good introduction to this topic, one can refer to these introductory
books [131, 132]. Since the problem of corrosion involves the movement of the corrosion front
while following the shrinking metal, hence some research groups used this method to track the
corrosion front movement over time to predict the resulting topology in any space dimension
[13, 14, 116, 133, 134]. In figure 14, the corrosion surface denoted by Γ is given the zero contour
level at each time step by the time dependent and distance function 𝜑(𝒙, 𝑡) after solving the
hyperbolic and nonlinear PDE (24).

Figure 14 Corrosion front as represented by level set method [1]
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(24)

𝜕𝜑
+ 𝑣. |∇𝜑| = 0
𝜕𝑡

Where 𝒙 is the location vector of a point, and v is the propagation velocity. The process of
solving this equation involves two main steps: (i) discretization by a numerical method which
can be finite difference method [116, 133] with a good accuracy, and then (ii) re-initialization of
the distance function at the new positions. As the boundary evolves over time, the distance
function starts to deviate from the distance function property that |∇𝜑| = 1, which deteriorates
the solution accuracy in further time steps [135]. Therefore, the classic solution of this method
always involves a re-initialization step to maintain accuracy. The moving boundary divides the
domain Ω into two subdomains ( Ω+ , Ω− ), each domain contains the points of the shortest signed
distance from the boundary where positive values can be assumed inside the closed boundary
(i.e. the solid metal). As shown in figure 14, each point on the boundary is assumed moving in
the opposite direction of the normal vector at that point with a defined speed v. The movement
speed is a function in the corrosion kinetics that were assumed in the model. In the case of
activation controlled models, v takes the same value as rc in equation 17 [116]. In transport
controlled case, v is a function in the diffusivity and concentration gradient of magnesium ions
[13, 15]. In this method, complex emerging or separating boundaries can be handled easily
which helps to model complex geometries [130]. Figure 15 shows the results obtained by Bajger
et al. to model the 2D movement of the corrosion surface for pure magnesium, which shows the
capability to model the separation of surfaces. In Bajger et al. [13] model, equation 25 was used
to solve for the signed distance function. The second term coefficient is a function of the
diffusivity and different magnesium concentrations and concentration gradient.
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𝑒
𝐷𝑀𝑔
∇𝒏 𝑐𝑀𝑔
𝜕𝜑
|∇𝜑| = 0
−
𝜕𝑡 𝑐𝑀𝑔(𝑠𝑜𝑙) − 𝑐𝑀𝑔(𝑠𝑎𝑡)

(25)

𝑒
Where 𝐷𝑀𝑔
is the effective diffusivity of magnesium ions, (calculated from equation 22) and

∇𝒏 𝑐𝑀𝑔 the magnesium ions concentration gradient, are calculated at distance h from the
corrosion surface, where h is the shortest element radius in the mesh [13]. 𝑐𝑀𝑔(𝑠𝑜𝑙) is the
magnesium ions concentration in the solid metal and equals the density of magnesium in the case
of pure magnesium [15], 𝑐𝑀𝑔(𝑠𝑎𝑡) the saturation limit of the solution and was approximated by
the saturation limit of magnesium chloride in water at 25 ℃ by Grogan et al. [15] due to the
unavailability of data on this limit in appropriate physiological parameters.

Figure 15 (a, b) shows the change in topology after 7 and 35 as predicted by the model; (c, d)
shows the corrosion products film concentration distribution [13]
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2.5. Calibration test methods
All the modeling methods mentioned in the previous sections are dependent on some
parameters that require experimental calibration in order to match the model predictions to the
experimental results. In addition, experimental data is essential to validate the results obtained
from any developed model. This section provides a review of the experimental practices that
have been used in the literature to calibrate/validate corrosion modeling attempts of
biodegradable metals.

2.5.1. In vitro testing
In vitro refers to the testing methods that are performed outside of a living body in an
environment simulating the physiological conditions. In the case of an in vitro corrosion
(degradation) testing, simulations are typically performed using a simulated body fluid such as
the Hanks’ balanced salt solution (HBSS), which has a balanced mixture of inorganic salts that
approximate the balance of those same salts found in the human body fluids and is typically used
in most experimental procedures for testing in vitro degradation [136]. For a comprehensive
review of the effects of different solutions the reader can refer to [137]. There are two primary
focuses for in vitro testing (i) Biodegradation/corrosion rate, and (ii) toxicity/organism impact. If
a magnesium implant degrades too quickly inside of the body, the reconstructed bone will not
heal properly and the increased concentration of released irons due to corrosion can cause harm
to the surrounding tissues and other organisms [11, 138-142]. Due to its importance, the
degradation rate serves as the main parameter to calibrate numerical models included earlier.
The in vitro testing can be split into polarized and unpolarized methods of testing. The in
vivo testing can be performed in animals, or in humans when clinical trials have been cleared in
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the field of research. Though there has never been a strong correlation relating in vitro and in
vivo testing results. The information collected from in vitro tests can provide important insights
that can lead researchers when preparing for in vivo studies.

2.5.1.1. Unpolarized tests by Mass Loss
Measuring the mass loss (ML) is a common approach to assessing the corrosion behavior
of biodegradable metals. In this approach, small samples of the tested material with known
weight (e.g. pure magnesium or its alloys) are placed in the test fluid (e.g. HBSS), and
degradation is allowed to occur for a period of time. The samples are generally prepared
according to the standard sample preparation for immersion tests ASTM G31-72 [143]. Test
temperature, as one of the main physiological parameters, is kept at 37 ± 0.5℃ by placing the
experiment setup inside a thermal incubator [136]. Due to the nature of magnesium corrosion in
aqueous solutions, the pH level in the solution increases as magnesium reacts with water,
therefore, titration with diluted HCl [144] or 5.96 g/l HEPES solution [136] is recommended to
keep the pH level at 7.4 ± 0.05. The sample is then removed from the fluid, cleaned according
to the ASTM G1-03 standard practice [145] and measured on a scale. This method is low cost
and yields an accurate measure of the material being lost assuming that no extra material is lost
when removing the corrosion products [136]. It is a very common method of establishing
corrosion when performing in vitro tests [136, 138-140, 142, 146-152]. ML is then measured in
units of mass per exposed surface area equation 26.
𝑀𝐿 =

𝑚𝑖 − 𝑚𝑓
𝐴

(26)
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Where mi is the initial sample mass, mf is the final mass after corrosion, and A is the initial
exposed area of the sample to the solution and assumed constant.
One of the alternatives to HBSS was used in the Xu et al. [147], where a physiological
saline solution (0.9% NaCl at a pH of 7) was used. Magnesium samples were immersed in the
HBSS solution for 30 days, and the degradation was observed through the crack propagation in
coated and uncoated samples. The samples were coated using steam oxidation and micro-arc
oxidation. The concentration of magnesium ions in the solution was determined using
inductively coupled plasma mass spectrometry (ICPMS) as well as measuring the pH balance. A
similar method was used by Yfantis et al. [151], with magnesium being submerged in a neutral
pH saline solution and the degradation rate was determined by the mass loss at the end of the
testing (22 days). The degradation rate was further compared in this study to the rate established
using electrochemical corrosion testing, and it was found that the approximate corrosion rate
calculated from the electrochemical corrosion test was 3-5 times higher than that calculated
using ML by immersion.

2.5.1.2. Unpolarized tests by Hydrogen evolution measurement
Hydrogen evolution is another method to measure the degradation rate that was used by
several research groups [138, 139, 141, 149, 151-153]. The degradation of magnesium inside
aqueous solutions was found to result in hydrogen gas evolution according to equation 2. By this
equation, for every mole of magnesium interacting with water, one mole of hydrogen gas is
generated [136]. The setup is very similar to mass loss, with the sample of magnesium being
submerged in the solution and a gathering mechanism affixed above the sample to collect the
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released hydrogen gas (𝐻2𝐸𝑣𝑜 ). This setup often uses a funnel and a burette, both filled with the
corrosion fluid, settled over the sample to be tested, as demonstrated in figure 16.

Figure 16 Setup for hydrogen gas collection with the funnel and burette for hydrogen gas
capture [1]

Hydrogen gas forms from the interaction between the magnesium and the surrounding
solution then rises to be collected in the capture burette. The fluid is displaced and pressed out of
the tube back into the fluid. Hydrogen molecules are then calculated by volume, and the
previously established equation gives an indication of the amount of magnesium that has reacted
with the aqueous solution as in equation 2. There are several limitations associated with this
method of evaluating the degradation rate as discussed by Kirkland et al. [136]. For example, the
data calculated from the hydrogen evolution was always different than the ML data and a ratio of
1:1 between them could not be achieved. This can be attributed to several reasons such as the
difficulty of capturing all the evolved hydrogen gas due to the reaction. In addition, the
atmospheric pressure may need to be adjusted based on the altitude of the experiment. Another
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limitation of this method is the lack of accessibility to titrate the solution by buffers to adjust the
increased pH value [136]. The ‘area of effect’ of the test solution is considered the area of the
corrosive fluid inside of the funnel. This setup has a ‘closed’ system, with the funnel touching
the base of the container, restricting the flow of the solution away from the magnesium sample.
As a result, the pH change within a period of time is significantly different in the local area
beneath the funnel, than the case where the sample is interacting with the whole system.
In figure 17, the magnesium sample is placed into a corrosive environment and allowed
to degrade for the desired period, with one of the systems being an ‘open’ system, where the
corrosive fluid can move freely (250 ml of corrosive material), and the second being a hydrogen
evolution system, with a 50 ml funnel placed over the magnesium sample. The pH change in the
smaller system occurs not only more rapidly, but to a higher level inside the system. However,
the hydrogen gas evolution was found effective to give a relative comparison between two
different alloys in terms of corrosion rate. Equation 27 is used to calculate the change in the
sample weight based on the hydrogen gas being generated [136].

Figure 17 Demonstration of how the pH change in the system for two different volumes [136]
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∆𝑊 =

1.085 𝑉𝐻
𝑃𝐴𝑇𝑀

(27)

Where ∆𝑊 is the change in mass (mg), 𝑉𝐻 is the volume of the evolved hydrogen (ml), and 𝑃𝐴𝑇𝑀
is the atmospheric pressure (atm) [136, 138, 139, 141, 149, 152].

2.5.1.3. Unpolarized tests by pH Monitoring
Crrosion of magnesium in aqueous environments increases the solution pH number due
to the liberation of hydroxide ions in the solution [16]. Measuring the pH increase can provide
some insights when comparing the corrosion rate of two different metals or testing the effect of
modifications on the corrosion resistance [154-156]. However, monitoring the pH level does not
seem to be a reliable approach to give a quantitative rate of corrosion for the tested sample. This
can be attributed to the fact that a pH of 7.4 is an important physiological condition to maintain
in order to simulate the in vivo environment when assessing the corrosion behavior of
magnesium [16].

2.5.1.4. Potentiodynamic Polarization Method
Often referred to as PDP, this method is the most commonly used electrochemical
method of testing the degradation of samples. To start, the sample to be tested is brought to a
steady or near steady state at the open circuit potential (OCP). After OCP is established, voltage
is applied between the magnesium and an inert metal electrode. The initial voltage is set to a
more negative, or cathodic, value to the OCP, then the voltage and scan are shifted to more
positive, or anodic, values compared to the OCP [136]. The testing takes approximately five
minutes and provides information on corrosion potential (𝐸𝑐𝑜𝑟𝑟 ), the reaction of magnesium with
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anodic and cathodic voltages, and kinetic information from the corrosion current density (𝑖𝑐𝑜𝑟𝑟 )
[136, 139, 147, 150, 151]. The corrosion rate is then established based on Faraday’s law using
equation 28 and 29 [157].
𝐶𝑅 = 0.00327
𝐸𝑊 = ∑

𝐸𝑊. 𝑖𝑐𝑜𝑟𝑟
𝜌

(28)

𝑓𝑖 . 𝑎𝑖
𝑛𝑖

(29)

Where CR is the corrosion rate (mm/year), 𝑖𝑐𝑜𝑟𝑟 is the calculated current density (μA/cm2), 𝜌 is
the density (g/cm3), EW is the equivalent weight in the case of alloys, fi is the mass fraction of
element i, ai is its atomic weight, and ni is the number of valence electrons of each element i.
Samples for PDP testing can be used more than once, as long as the sample has been
cleaned and previously corrosion products have been removed from the sample before a new test
is performed. The information gathered from this method of testing can provide an outline of the
anodic/cathodic degradation differences in materials that have similar corrosion current density.
In this review [136], figure 18 described how samples with similar 𝑖𝑐𝑜𝑟𝑟 can have different 𝐸𝑐𝑜𝑟𝑟 .

Figure 18 Polarization curves for pure Mg and Mg-2 Zr. Arrows are used to indicate the
cathodic shift (HBSS, pH 7.4, T_phy) [136]
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2.5.1.5. Electrochemical Impedance Spectroscopy (EIS)
This method uses the frequency response of AC polarization [136, 139] and the low
magnitude polarizing voltages in a cycling pattern from the peak anodic to peak cathodic
voltages along with varied frequencies. The result is a set of values with instantaneous data on
the impedance of a surface when it is subjected to polarization. The impedance is directly
proportional to the corrosion resistance and inversely proportional to the corrosion rate. This
method of testing is non-destructive when used with magnesium in an SBF, and a single sample
can be tested multiple times without reworking the sample [136, 139, 158, 159].
EIS is useful to provide nondestructive measure of the relative change in corrosion
resistance between different surface modifications for the same base alloy. The EIS data can be
paired with Tafel slopes measured by PDP data to provide a different method to find
approximate 𝑖𝑐𝑜𝑟𝑟 value. This value can be translated into corrosion rate the same way as in
equation 28, but this requires the use of the Stern-Geary equation and relies heavily on accurate
determination of the Tafel slopes of the individual reactions [159]. Having the surface resistance
Rp and calculating B from Tafel slopes derived from the PDP reaction data, 𝑏𝑎 (anodic reaction)
and 𝑏𝑐 (cathodic reaction) with equation 30, 𝑖𝑐𝑜𝑟𝑟 can be calculated from equation 31.
𝐵=

𝑏𝑎 ∗ 𝑏𝑐
2.3 (𝑏𝑎 + 𝑏𝑐 )

𝑅𝑝 =

(30)

𝐵

(31)

𝑖𝑐𝑜𝑟𝑟

Where 𝑅𝑝 is the polarization resistance, 𝑖𝑐𝑜𝑟𝑟 is the corrosion current, and B is the
proportionality constant for a particular system.
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2.5.2. In vivo testing
In vivo testing refers to testing processes that involve implanting the tested sample
material inside a live body to observe how it reacts. In this process of testing, the model
organisms being used are often rats, mice, or rabbits [140, 142, 146, 150]. The treated
magnesium sample is inserted into the test subject, in a subcutaneous sense [142, 150], into
muscle [142], or into bone [140, 142]. In vivo testing uses a sample blank (a disc, or cylinder
shape) that is inserted into the animal and allowed to degrade [136, 139-142, 147, 149, 150, 160].
Regular visual degradation is observed typically using an x-ray method or micro CT scan. As
previously stated, a direct relationship between in vivo and in vitro testing has not been
established, so performing in vivo testing provides real results in a real environment instead of a
simulated environment.
The results from one such set of testing [149] used 3 groups of rats (n=5, per group) with
implants of (i) magnesium, (ii) magnesium with sodium montmorillonite (MMT) coating and
(iii) magnesium with a MMT/bovine serum albumin (BSA) composite coating in the individual
groups. A scan was taken 24 hours after the implant, and again 120 days after the implant,
displayed in figure 19 below (a1, a2, b1, b2, c1, and c2). After the scan, the rats were sacrificed,
and the implants were removed for further analysis on degradation levels in the sample itself.
Histological analysis was performed on various body parts to determine the impact of the
magnesium rod after 120 days of implantation. The figures from the EDS (energy dispersive
spectroscopy) scan figure 19 (a5, b5, and c5) demonstrate the impact of the inserted pins on the
animal’s physiology. In b5 and c5, the presence of calcium in the scan indicates the coating layer
on the tested pins is diffusing out into the bloodstream of the test subject. Under the SEM
images, the degradation of the surface of the pins can be seen, where magnesium displays
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significant cracking and degradation, Mg-MMT and Mg-MMT/BSA show comparatively fewer
cracks to indicate the coating is not degrading as significantly as the magnesium itself.

Figure 19 AZ31 with MMT coating and MMT-BSA coating in vivo: (a1-c1) Spiral CT scan 1
day; (a2-c2) 120 days; (a3-c3, a4-c4) SEM images 120 days; (a5-c5) EDS [149]
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The surface observations of the MMT-BSA coated magnesium indicated that it could be
a valued option to pursue, as the coating itself showed very little wear while the blood testing
performed after 120 days with an EDS suggested that degradation of the magnesium was
occurring inside of the body.
Xu et al. [147] used rat specimens as well, inserting a pin of Mg, Mg-SO, or Mg-MAO
into the femoral bone and examined by radiographic imaging to determine the healing of the
bone, gas bubble development, and degradation of the pin at 4, 8, and 12 weeks, with a
secondary examination by micro CT, figure 20, at the end of 12 weeks. In the radiographic
observations, the Mg and Mg-SO groups developed gas bubbles around the implant at the 4- and
8-week marks. By 12-weeks, the gas had been almost completely absorbed in the Mg-SO group,
while growing in the Mg group. In the magnesium coated with micro arc oxidation (Mg-MAO)
group, however, gas formation was significantly lower in the 4-, 8-, and 12- week marks,
showing signs of healing by week 8.
The uncoated magnesium sample was found to have degraded the most, with the least
volume of new bone growth at the end of 12 weeks. The Mg-SO group showed slightly less
degradation than the Mg group, but displayed a greater volume of bone growth, with the greatest
volume of bone growth was found in the Mg-MAO group, though the implant had displayed the
least amount of degradation.
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Figure 20 Micro-CT images of the rat femur implanted with the rod samples: A, B, and C are
longitudinal views; D, E, and F are transverse views [147]

Table 5The change of new bone volume and the implant volume after indwelling for 12 weeks in rats

Mg

New bone
Initial implant
volume (mm3) volume (mm3)
0.56
28.35

Final implant
volume (mm3)
24.28

Implant volume
change (%)
−14.36%

Mg-SO

1.52

28.35

26.32

−7.17%

Mg-MAO

4.72

28.35

27.68

−2.38%

An accepted downfall of animal testing is that it does not perfectly simulate the human
body or the needs that arise for possible human subjects [138, 160-163]. As a result, direct
results for the human application can only be approximated until it is used in human clinical
trials. In countries such as Germany, China, and South Korea, magnesium and magnesium alloy
implants are being clinically tested to fix fractures and bone flaps, with Windhagen et al. [161]
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heading up the group with treatments already being used for hallux valgus surgery using screws
made of a MgYReZr alloy [160, 161]. Dewei et al. [162] performed testing with high purity
magnesium screws in the hips of patients with stage II/III osteonecrosis in the femoral head
(ONFH). During the 12 months follow-up period, the patients treated with the screws showed
significant improvement over the group that had not been treated with the HP Mg screws [160,
162].
Such in vivo trials can provide a qualitative comparison using CT or X-ray imaging to
compare with models under development. Gartzke et al. [120] used in vivo CT images for
porous structures implanted in the femura of rabbits to compare qualitatively with their
numerical model as shown in figure 21.

Figure 21 On the left is the numerical results showing magnesium concentration distribution
after 8 weeks, and to the right the CT image of the implant after 6 weeks of
implantation [120]
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CHAPTER III
MODELING
Finite element analysis FEA is considered the most numerically accurate to solve partial
differential equations to describe a physical phenomenon [164]. FEA was specifically used in
previous studies on modeling magnesium alloys’ corrosion regardless of the constitutive
equation governing the corrosion rate [12, 13, 114]. FEA is used in this study using Ansys
Parametric Design Language (APDL) to build the domain, mesh, and solve the corrosion model.
In the current phase, a 2D axisymmetric model is used to calibrate the model parameters and
perform quick tests on the program output. Shown in figure 22 is a sketch of the model
geometry. In this model, very high-resolution elements ~ 10 m are required at the solid to fluid
interface because of the high jump between the initial values. The axis of symmetry is utilized to
reduce the elements count and reduce the time needed for the calibration study. The ratio of the
sample to the solution area in the 2D model is put to be equivalent to the threshold ratio of the
solution volume to sample surface area ratio of 50 ml/cm2. This ratio was found important to
exclude the solution volume effect on the corrosion rate [9]. The samples used in the immersion
test were of 10 mm diameter and 3 mm thickness, hence the geometry dimensions shown in
figure 22 were chosen to satisfy the V/A ratio used in the immersion test. The model is assumed
symmetric about the XZ plane.
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Figure 22 The domain dimensions inserted in the FEA model

3.1. Model equation and parameters
The model is inspired by the work done by Grogan et al [15]and [13] by using the
physical model approach governed by Fick’s diffusion law in equation 18. The corrosion
behavior is assumed uniform in all directions with no pitting effects. For the case of pure
magnesium, a uniform corrosion model is widely accepted especially for high purity magnesium.
This was attributed to the lack of secondary phases or impurities on the surface to generate
random pitting attack [16]. Figures 23 and 24 show high purity magnesium HP-Mg coupons
corroded in immersion test over a 21 day period. It is shown that the reduction in diameter and
thickness is uniform.
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Figure 23 Top view of the immersion test sample of HP-Mg after 21 days immersion. The
middle spot was covered by the holding fixture and had not corroded

Figure 24 Side view of the sample in figure 23

60

In order to model mass diffusion governed by Ficks’ law in APDL, the closest analysis is
the thermal analysis of heat transfer by conduction since it also follows a second-order diffusion
differential equation with the temperature field variable instead of concentration. From the
conservation law of thermal energy on a differential volume equation 32 [165].
𝜕𝑇
𝜌𝑐 ( + 𝒗. ∇T) + ∇𝑞 = 𝑞⃛
𝜕𝑡

(32)

Where 𝜌 is the mass density, 𝑐 is the material-specific heat, 𝑇 the temperature, v the velocity
vector of the mass transport of heat, q is the heat flux vector, and 𝑞⃛ is the heat generation rate per
unit volume. By applying Fourier’s law relating the heat flux q to the thermal gradient, equation
33, neglecting the effect of convective and the heat generation terms and normalizing the mass
density and specific heat parameters, equation 34 is introduced relating the change in the field
temperature over time and the spatial thermal gradient.
𝑞 = −𝐷∇𝑇

(33)

𝜕𝑇
= ∇(𝐷∇𝑇)
𝜕𝑡

(34)

Where D is the conductivity matrix and in the case of diffusion analysis, is the diffusivity matrix.
Replacing the temperature variable by the concentration of magnesium ions reproduces equation
18 and reprinted here for convenience assuming isotropic diffusivity matrix.
𝜕𝐶𝑀𝑔
𝜕𝑡

= 𝐷∇2 𝐶𝑀𝑔

(35)

Since the model is considered diffusion-controlled and function in the concentration
gradient of the magnesium ions in the domain, there are four parameters that control the
corrosion rate generated by the model. As shown in figure 11, the first is the magnesium
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concentration in the sample Csolid, and in the case of HP-Mg is 1.735 gm/cm3, 1735 Kg/m3 [69].
This controls the initial condition of the concentration in the sample area. The second is the
initial concentration of the magnesium ions in the environment/SBF which is 1.5 mM, 3.64e-5
g/cm3, 3.64e-2 Kg/m3 [166]. This parameter controls the initial condition Csolution, t0 of the
concentration of the magnesium in the solution as well as a Dirichlet type boundary condition on
the outer boundary of the solution domain to represent the control over that concentration far
from the sample. This is consistent with the solution replenishment in vitro and the body’s
natural control on minerals level in the body fluids. The third parameter is the diffusivity
coefficient in equation 35 which controls the rate of the change in the concentration based on the
concentration gradient. This parameter is inherent in the material properties in the FEA model
and is assumed constant in both the sample and the solution domains. The last parameter is the
saturation limit of the magnesium ions in the solution. This is a natural Dirichlet type boundary
condition necessary to control the concentration in the solution so it does not increase above the
natural limit of the solution. It was measured experimentally in this work in a separate
experiment described later in section 4.1. A summary of these parameters and the model is given
in figure 25.
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Figure 25 Summary of the model parameters and their utilization for an arbitrary shaped
domain

The theory of diffusion in porous mediums as used in the model by Bajger et al [13] is
adopted to capture the effect of a type of porous ceramic coatings prepared by the microarc
oxidation coating method in [101]. Figure 26, shows the porosity of that coating film. This
theory states that the diffusivity of a species Dc obstructed by a porous medium is less than its
diffusivity in the absence of this medium, hence the effective diffusivity is calculated by
reducing the normal diffusivity based on the medium porosity and tortuosity as in equation 22. In
this model, the diffusivity in the case of coated samples is assumed to be reduced by a factor

on the interface between the sample and the solution, equation 36. Therefore, a new parameter
is added and needs experimental calibration to capture the coating effect. This reduction is
followed by the assumption that this effect is constant and the coating does not degrade.

63

𝐷𝑐𝑜𝑎𝑡𝑖𝑛𝑔 = 𝛽𝐷𝑀𝑔

(36)

Figure 26 (a) and (b) are SEM micrographs of the porous ceramic coating in [101]

Analogous to thermal insulation with a less heat conductive material, the magnesium
coating is modeled in the same fashion with a fine region of 10 m thickness in all directions.
The thickness of the coating layer is assumed similar for the pure magnesium coated with the
same process parameters in [101]. Diffusivity in this region is decreased according to the
calibrated reduction factor  from equation 36. Figure 27, shows an updated schematic of the
model including the coating region.
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Figure 27 Schematic of the coated pure magnesium model. The heavy black region
surrounding the Mg area represents the coating region

3.2. Ansys Mechanical APDL model
Mechanical APDL is an advanced tool provided by Ansys FEA software used in
automating tasks related to FEA studies and provides the user with more access to the FEA
output data. It is also a computationally and time-efficient method to implement repetitive tasks
such as calibration studies. The solver uses explicit time integration which provides acceptable
results, especially when solving a diffusion equation. The geometry in figure 22 is inserted in the
APDL code and graphical representation is shown in figures 28 and 29.
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Figure 28 Geometry as inserted to APDL solver where A1 is the magnesium solid and A2 is
the m-SBF solution for modeling uncoated magnesium

Figure 29 Geometry of the coated magnesium where A1 is the magnesium solid, A2 is the
coating region, and A3 is the m-SBF solution
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3.2.1. Mesh analysis
In order to exclude the mesh element size effect, a mesh analysis was implemented by
varying the size of the critical elements which is at the interface between the solid magnesium
and the fluid m-SBF. This region has a sharp gradient in the initial conditions of concentration
(1735 to 0.03 Kg/m3). The element size is varied from 100 m to 10 m and the average
maximum error for all time steps from 0 to 28 days is recorded. Figure 30 shows that reduction
below 10 m does not affect the calculated thermal error significantly but increases the number
of nodes substantially, hence the minimum optimum element size is 10 m at the magnesium
outer boundary. Figure 31 shows the meshed geometry. Inflation layers of 1.3 growth factor are
used around the different materials interface to capture the sharp difference in the field variable.
The element size gradually increases up to the maximum size of 2 mm on the outer boundary.
Eight noded, quad, second-order, 2D elements are used but the automatic free meshing algorithm
in APDL shifts to triangles where necessary to resolve the geometry and improve element
quality, see figure 31.

Avg max error
6.E-03
5.E-03
4.E-03

5754, 5.20E-03

8019, 3.79E-03

3.E-03
11785, 2.59E-03

20 m

2.E-03
1.E-03
0.E+00
1,000.00

22578, 1.48E-03
36016, 1.00E-03
70851, 5.88E-04

10 m
246153, 2.31E-04

10,000.00

100,000.00

1,000,000.00

Number of Nodes

Figure 30 A mesh study to measure the thermal error vs. the minimum element size
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Figure 31 The meshed geometry

3.3. Calibration strategy
Calibrating the physical model parameters is the primary objective of this work to extend
the work in the previous studies. In the study by Grogan et al [15] experimental calibration of the
model parameters was lacking. However, a sensitivity analysis was conducted to test the effect of
each parameter and a final empirical equation was introduced to predict the mass loss of a certain
vascular stent geometry. This relation, shown in equation 37, relates the mass loss in the stent to
the diffusivity and saturation limit value. Doubling the diffusivity value increases the rate of the
mass loss by ~1.48 [15]. Therefore, a better estimation of these parameters can highly impact the
mass loss predicted by physical models.
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𝑀 = 0.0334𝐷0.57 𝐶𝑠𝑎𝑡 √𝑡

(37)

Where M is the mass loss ratio to the original mass, and t is the time in hours.
Introducing the coating effect added a new parameter to the model set of parameters. Out
of the five model parameters, the diffusivity, reduction in diffusivity factor, and solubility limit
of the magnesium ions in the modified simulated body fluid (m-SBF) solution need an
experimental calibration. The solubility limit is determined in a separate experiment by testing
the solubility limit of a source of magnesium ions which is anhydrous MgCl2 in this study. In
order to calibrate the diffusivity, mass loss data is collected using an immersion test of uncoated
high purity magnesium (HP-Mg) samples in m-SBF under physiological conditions. HP-Mg is
selected in particular to best match the numerical model assumptions of solely transportcontrolled corrosion. Experimental mass loss data is then compared to the numerical data, and
the diffusivity parameter is varied until a small range of this parameter is defined.
The mass of a general solid is a function of its volume and density. Assuming that the
density, as well as the volume, is variable for the same solid, reduction in the mass can be
represented by both reduction in the volume and/or the density. Previous models using the same
physical modeling approach were focused on sophisticated numerical algorithms to model the
movement of the corrosion front and model the mass loss by volume loss [13, 15, 120]. In this
model, the corrosion surface movement is not accounted for and the corrosion surface is
stationary for simple calibration purposes. Thus, the volume of the modeled sample stays
constant. Given that the field variable in the finite element model is the magnesium
concentration which in essence is equivalent to the magnesium density in the solid magnesium
domain. Hence, under constant volume, the reduction in the density under the concept of
diffusion is equivalent to the loss in mass. Following this approach, the average density is
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calculated at different time steps along the test period. An APDL macro is used to loop over 2D
elements in the sample domain and calculate the area-weighted average of concentration,
equation 38, which for our purposes is the average density of the sample.
𝐶

𝑛,𝑡
𝑀 𝑡 = 𝑉 ∑𝑁
0 8𝐴

.𝐴𝑒

(38)

𝑡𝑜𝑡𝑎𝑙

Where 𝑉 is the sample volume, N is the total number of nodes in the sample area, 𝐶𝑛,𝑡 is the
temporal nodal concentration of node n, 𝐴𝑒 is the element area associated with node n, 𝐴𝑡𝑜𝑡𝑎𝑙 is
the total sample area. Since an 8 node 2D element is used and each node is multiplied by the
element area, the summation is divided by 8 to get the correct weighted average. Further mass
loss data was also collected for HP-Mg coated by the MAO method to calibrate the change factor
in the diffusivity of Mg ions due to the porous coating.

3.4. Summary
Corrosion of coated pure magnesium is modeled using a transport-controlled physical
model approach in a finite element framework. The model is diffusion based where Fick’s law a
second-order parabolic PDE is the governing equation and convective transport is neglected. The
mass diffusion is analogous to heat transfer by conduction and hence transient thermal analysis
in APDL is utilized by considering the field variable is the magnesium concentration. The model
parameters are calibrated using gravimetric in vitro corrosion tests of uncoated and coated HPMg samples. The coating prepared by MAO is an established method of coating to reduce the
corrosion rate in magnesium. The coating is modeled using effective diffusivity in porous
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mediums theory and a thin layer of reduced diffusivity surrounding the corroding material. The
model output is the mass loss prediction but no geometry change is generated.
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CHAPTER IV
EXPERIMENTAL METHODS
4.1. Saturation test
The saturation limit of magnesium ions in the modified simulated body fluid (m-SBF)
under physiological conditions of temperature 37 °C and pH of 7.4 is important to be used as the
natural limit boundary condition in the diffusion-based numerical model. Previous studies used
the Anhydrous MgCl2 salt solubility in water at room temperature [15]. The m-SBF is prepared
by the procedure in [166] by using inorganic salts and ultrapure water to produce a solution
containing similar minerals levels to human plasma. Table 6 shows the chemicals used to prepare
the m-SBF.

Table 6 Summary of the chemicals and concentrations to prepare m-SBF according to [166]
Chemical

g/L

NaCl
NaHCO3 “sodium bicarbonate”
Na2CO3 “sodium carbonate”
KCl “potassium chloride”
K2HPO4.3H2O “Potassium Phosphate, Dibasic Trihydrate”
MgCl2.6H2O “Magnesium chloride, Hexahydrate”
HEPES
CaCl2
Na2So4

5.403
0.504
0.426
0.225
0.23
0.311
17.892 in 100 ml of 0.2M NaOH
0.293
0.072

1M NaOH (Ml)

15
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The temperature was held around 37 °C using a heating and magnetic stirring plate to
dissolve the added salt. Anhydrous MgCl2 salt is used as a source of magnesium ions and thus
the actual measured value of solubility is the solubility of the salt in the m-SBF. All salts used to
prepare the m-SBF are high purity reagent grade (Sigma Aldrich, USA). The first approach is a
visual standard approach using 10 mL of the m-SBF in a clean open glass beaker and adding the
salt in increments until precipitates of the salt are visible to the naked eye. The process starts
with a known weight of the salt is placed in an air-tight 250ml HDPE container. Anhydrous
Magnesium chloride is highly hygroscopic and can pick moisture from the room air, thus the
container was chosen to be of minimal size and air tight to reduce the error in the added moisture
and was kept closed between addition steps. The salt is then added in small increments to the
solution until precipitates of the salt crystals are formed. The solubility measurement is repeated
10 times using a Mettler Toledo precision scale of 1 mg accuracy to measure the container
weight before and after saturation. The difference in the weight represents the amount of salt
needed to saturate 10 Ml of the m-SBF.
During this approach, the exothermic nature of the reaction between anhydrous MgCl2
was noticed [167]. The addition of the salt to the m-SBF would result in a temperature increase
above the set point of 37°C. Therefore another approach was experimented with using the
temperature measurement feedback to improve the accuracy. If the temperature of the solution
does not increase, this flags the starting point of the solution saturation. The same approach of
adding salt increments from a premeasured weight of the salt is used. The temperature change of
the solution is then monitored using a conventional digital thermometer. The measurement was
repeated again for 10 runs on a 10 Ml of the m-SBF, see figure 32. However, the major content
of the solution is water which has high specific heat, therefore a considerable amount of the salt
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is needed to generate enough heat capable of changing the solution temperature to a sensible
value by the used thermometer (0.1 °C sensitivity). In other words, the accuracy of this approach
can be calculated by the mass of the salt required to increase a given volume of water by 0.1 °C.
To overcome this only 10 Ml of the solution is being tested to minimize this error margin and
improve the accuracy.

Figure 32 The experimental setup for the thermal feedback approach. The beaker containing
the test solution is placed on a heating and magnetic stirrer. The actual temperature
is monitored with a second thermometer. The setup is shielded from the sides by
plastic sheets to minimize heat transfer with the flowing air into the fume hood

4.2. Micro arc oxidation coating
An immersion test of coated pure magnesium samples is conducted to study the effect of
the coating on the corrosion rate of pure magnesium. Samples were coated using the MAO
method and the process parameters and setup developed in [101].
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Round coupons of high purity magnesium (D= 7 mm, t= 3mm) are cut using a CNC lathe
from a round drawn HP-Mg bar (99.99 purity, Goodfellow, USA). For the schematic shown in
figure 33 of the system used in this study, in order to electrically connect the samples to the
anode pole, a 1.5 mm diameter and approximately 3 mm deep hole is generated radially to insert
a copper wire. The connection is then sealed using a nonconductive epoxy. After curing the
epoxy, the samples are then dry grinded using 400-1000 grit sized using SiC sandpapers.
Samples were cleaned in ethanol to remove sanding products and dried using hot air.

Figure 33 A schematic of the in house used system for MAO

A 400 mL of electrolyte of 3 g/L (NaPO3)6 and 8 g/L KF-2H2O is prepared using high
purity reagent grade chemicals and distilled water to conduct the MAO of a maximum of 3
samples in a row and then the solution is replenished for subsequent samples to guarantee a
consistent concentration of the electrolyte ions for all samples. The process parameters
developed in [101] are used with an increase in the current density to 100 mA/cm2 which worked
better for the case of HP-Mg. Each sample was subjected to a breakdown voltage around 300 V
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(the start of arcs formation) and maximum voltage reaches 450 V before it starts to decrease to
400 ± 20 V for a period of 5 to 7 minutes of total polarization.
Samples produced following this approach however are not completely coated due to the
presence of the sealing epoxy around the connection point with the copper wire. Figure 34 shows
one of the groups successfully coated.

Figure 34 Coated HP-Mg samples. Uncoated regions are due to the connection sealing by
epoxy

4.3. Mass loss immersion test
As provided in section 2.5 in this text, mass loss or gravimetric in vitro corrosion test is
perhaps the most representative test to the actual in vivo corrosion of magnesium and is used in
this study in m-SBF solution to generate the data needed to calibrate the numerical model. The
solution is prepared as described in section 4.1. The test is conducted for a total of 28 days both
for uncoated and coated pure magnesium. For the uncoated group, round coupons (D= 10 mm, t=
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3 mm) are cut using a CNC lathe from the round drawn HP-Mg bar (99.99 purity, Goodfellow,
USA). The samples were polished using 400-2000 grit sized SiC sandpaper. Samples are then
cleaned in ethanol and dried using warm air. Each sample is then measured for diameter and
thickness up to an accuracy of 0.01 mm and the weight is recorded before immersion up to 1 mg
accuracy using a precision scale (Mettler Toledo, Columbus, Ohio). The coated group is
prepared as in section 4.2. A fixture design is developed to hold the samples levitated in the test
solution with minimal covered areas to guarantee symmetric exposure to the solution, figure 35.
All fixture parts and screws are made of inert Nylon and sterilized in ethanol before insertion in
the test solution, the actual setup is shown in figure 37. The temperature of the test was held
constant similar to the body temperature of 37 °C by placing the test beaker in a thermal
incubator (Thermo Scientific Heratherm). The pH was controlled at a physiological level of 7.4
by dosing a 1M HCl acid using an automatic pH controller (bluelab, Newzealand), figure 36. The
test solution was completely replenished every 4 days of the test. As described earlier in the text,
the solution volume to magnesium surface ratio was kept around 50 mL/cm2 to exclude the
solution volume effect on the corrosion behavior [9]. A group of 3 samples is collected after 7,
14, 21, and 28 days of immersion and cleaned in chromic acid according to ASTM G1-03
standard for immersion test evaluation and sample cleaning [145]. Samples are then cleaned in
an ethanol alcohol bath and dried using warm air before weight measurements.
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Figure 35 Samples mounting method inside the test solution

Figure 36 The automatic pH control system and the test container inside the thermal incubator
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Figure 37 The actual samples mounting device suggested

4.4. Electrochemical corrosion test
Potentiodynamic polarization (PDP) test, as well as electric impedance spectroscopy
(EIS) in general, provide a quick way to test the effect of modifications on the corrosion
resistance of metals. Both PDP and EIS are conducted to provide a quick estimate of the effect of
the MAO coating layer on uncoated HP-Mg. The measurements are taken using a typical 3
electrode cell with a graphite rod as a counter electrode, a saturated calomel (SCE) as a reference
electrode, and the magnesium samples of the exposed surface area of 0.785 cm2 as the working
electrode. The data are collected and analyzed using Gamry potentiostat (Gamry, Interface
1010e, USA). The samples were connected to the cell ports through copper wires using the same
method discussed in section 4.2 while all surfaces were covered in epoxy except for one circular
surface for the test. The uncoated sample was then dry grinded using 400-2000 grit sized SiC
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sandpaper, cleaned in ethanol, and dried before the test. The coated sample is coated on only the
exposed surface according to the procedure in 4.2 and then cleaned in ethanol and dried in air.
For both samples, the EIS is conducted first and then the PDP in 100 mL of m-SBF at room
temperature. In the EIS test, samples are left to generate stability at the open-circuit voltage for
10 minutes. Then, an alternating voltage of 10 mV magnitude (RMS) is applied at frequencies
105 to 0.1 Hz at 10 points/decade. Since the EIS test is non-destructive to the sample, the PDP
test is then followed on the same sample after another 30 minutes of stabilization. PDP scan was
applied from -0.25 V to 0.25 V relative to the measured Eoc at a scan rate of 2 mV/s. Figure 38
shows the setup used to conduct the test in a 150 mL glass beaker.

(a)

(b)

Figure 38 The 3 electrode setup to collect the electrochemical corrosion data. (a) Shows the
electrodes connectivity, and (b) the 3 electrodes as inserted in the test solution
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CHAPTER V
RESULTS AND DISCUSSION
5.1. Determination of m-SBF solubility limit of magnesium ions
The solubility limit of magnesium ions in the corrosion environment is one of the major
parameters used in the transport-controlled modeling approach of corrosion. The solubility limit
of anhydrous MgCl2 in the water at room temperature was previously used as an estimation of
the solubility limit of magnesium ions in the simulated corrosion environment [13, 15]. This
estimation is narrowed in this study by measuring the solubility of the anhydrous MgCl2 in the
m-SBF at 37 °C. From the first visual feedback test (n=10) the solubility measurements are
shown in figure 39. The mean value is 37.74 g/100mL, 377.4 kg/m3 with a standard deviation of
2.35 g/100mL, 23.5 kg/m3. Figure 40 shows an example test run of a saturated solution showing
a precipitate of the salt crystal. In an effort to increase the accuracy of the measurement, the
temperature change feedback is introduced to characterize the solution saturation. Figure 41
shows the test results against the average value (n=10). It is shown that the temperature feedback
method provides less scattered data with an average of 34.237 g/100mL, 342.37 kg/m3, and a
standard deviation of 1.28 g/100mL, 12.8 kg/m3. Figure 42 shows this difference in uniformity
using a normal distribution curve. The temperature feedback curve width is less than the visual
feedback curve. MgCl2 can also react with water to form white Mg(OH)2 precipitates that can get
confused with the original salt crystals using the visual feedback approach. Hence the thermal
feedback approach provides better results.
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Figure 39 Solubility measurements in 10 runs using visual feedback

Figure 40 Visual feedback saturation test run. Precipitated crystals of salt are circled in red
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Figure 41 Solubility measurements in 10 runs using Temperature feedback vs. their average
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Figure 42 Comparison of the normal distribution of the data generated using visual vs.
temperature feedback
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The limitation of this approach that MgCl2 dissolves in water to form both Mg++ ions and
Cl- ions, hence the measured saturation value is due to the total salt not only the Mg++. Chemical
reactions between the added salt and the m-SBF other minerals and the increased acidity of the
solution are neglected and out of the scope of this study. However, the measured result is
considered a better overall estimation. Table 7 shows a summary of the previously assumed
values and the measured value in this study. The measured value is 255% more than the
estimated value which is predicted to yield a less corrosion rate at the same diffusivity level.

Table 7 Summary of the solubility limits used in the literature
Parameter

Grogan et al [15]

Bajger et al [13]

Measured

Temperature (°C)

25

25

37

Medium

Water

Water

m-SBF

Solubility limit

134.0

134.0

342.27

(Kg/m3)

5.2. Determination of magnesium ions diffusivity in m-SBF
The uncoated samples were tested for corrosion rate in the mass loss immersion test
discussed in section 4.3. The mass loss per exposed surface area is calculated from equation 39
and reprinted here:
𝑀𝐿 =

𝑚𝑖 −𝑚𝑓

(39)

𝐴
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Where mi is the initial sample mass, mf is the final mass after corrosion, and A is the exposed area
of the sample to the solution. The surface area is assumed constant during the corrosion time.
Given the fact that the initial area to mass ratio can highly affect corrosion rate, and the slight
variation in the dimensions of the samples, The measured mass loss per area is normalized for
the exact D=10 mm and t = 3 mm geometry used in the model by using the ratio of the area to
mass ratio for the measured dimension to the exact dimension.
In order to calibrate the diffusivity parameter, numerical mass loss is also collected over a
time period equivalent to the immersion test period of 28 days. Figure 43 shows the
experimental mass loss data vs. the numerical data. Since the model output is a function in one
parameter, the diffusivity, varying this parameter only offsets the result up and down. Therefore,
optimization methods for model fitting will produce biased fitting to one of the data points. A
trial and error approach was only feasible to define a range of the diffusivity parameters that
encompass the experimental data. For the relatively short time duration of 28 days, the trend in
the numerical data was closely matching the experimental data starting from weeks 3 and 4. This
is remarkably predicted from the corrosion behavior in magnesium to be transport-controlled
over the long term over the scale of one year [15]. However, a close match over the entire time
duration could not be achieved at a single value of the diffusivity and a range of the parameter is
defined instead. An upper conservative limit was found at a diffusivity value of 7x10-10 m2/day,
7x10-4 mm2/day, and the average is found at 4x10-10. Contour plots are shown in figure 44
against time at the average diffusivity parameter.
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Figure 43 Numerical vs. Experimental mass loss data

a) t= 7 days

b) t= 14 days
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Figure 44 Contour plots of the ions concentration over time in the 2D axisymmetric model at
the average diffusivity of 4x10-10 m2/day

5.3. Determination of coating effect on diffusion rate
The coating layer is modeled by inserting a coating region of lower diffusivity value than
the other domains by a factor Mass loss data from the immersion test is also collected to
calibrate the reduction in diffusivity factor. Similar to uncoated samples, numerical mass loss
data is collected using the 2D axisymmetric finite element model from equation 38. The base
diffusivity used is the calibrated upper limit of diffusivity for uncoated samples. Figure 45 shows
the experimental mass loss data against the numerical data. Again, the trend does not follow
exactly the trend in the corrosion rate, especially for the first week. However, a good match is
shown over the last 2 weeks at = 1/14 at a coating layer thickness of 10 m. It is noteworthy
87

that coated samples have shown a reduction in the mass loss per surface area by 50% after 28
days of immersion. Although mass loss data were collected for 7, 14, 21, 28 days of immersion,
the group at 21 days was excluded from the data as it showed a different corrosion behavior on
the circumference and serious pitting corrosion attack, unlike all other groups. Such corrosion

Mass loss (g/cm2)

behavior is possibly attributed to a defect that occurred to the samples during preparation.
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Figure 45 Numerical vs. experimental data for coated pure magnesium.

The thickness of the coating layer can highly affect the mass diffusion and consequently
the corrosion rate. The thickness of the MAO coating layer was found to be varied based on the
coating process parameters. Starting from the calibrated reduced diffusivity in the coating layer,
the coating layer thickness effect is studied by varying the thickness in the model from 10
microns up to 100 microns and calculating the numerical mass loss after 28 days of immersion.
Figure 46 shows the relation between the mass loss per exposed surface area for a coated pure
magnesium coupon of 7 mm diameter and 3 mm thickness. The data is shown to follow a power
law equation 40. A critical thickness was found for this geometry around 50 microns after which
the reduction percentage in the mass loss is not significant (1~3%). The geometry of the implant
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exposed surface and the surface area to volume ratio can alter the prediction curve and the
critical thickness value. However, for the same geometry and the same implant, the same relation
will hold that an increase in the coating thickness will yield a reduction in the mass loss.
𝑀𝐿 = 0.0704𝑇𝐻𝐾 −0.242

(40)
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Figure 46 The effect of varying the coating layer thickness on the mass loss of pure
magnesium

5.4. Electrochemical tests
The EIS test for both coated and uncoated pure magnesium has shown a capacitive loop
at high frequencies followed by another capacitive loop at low frequencies in the Nyquist plot of
the measured impedance. To best fit the EIS spectra, the electric circuit in figure 47 is used to fit
the measured data in Gamry Echem Analyst software [168]. Rs represents the solution resistance
between the working electrode and the reference electrode, Rp is the metal polarization resistance
in the case of bare magnesium and the conduction resistance of the micropores of the coating
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layer in the case of coated magnesium, Rt is the charge transfer resistance between the metal and
the solution, Qc is a constant phase element related to the capacitance of the surface layer of
coating in the case of a coated sample and corrosion products in the case of the uncoated sample,
and Qdl is another CPE represents the capacitance of the developed double layer on the metal
surface when exposed to the electrolyte [168]. Nyquist plot of the measured EIS spectra for both
bare and coated magnesium is shown in figure 48, The Rt calculated by fitting both the data sets
has increased by ~45 folds for coated magnesium which represents the significant increase in the
corrosion resistance due to MAO surface treatment.

Figure 47 Schematic of the model circuit used to fit the EIS spectra [168]
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Figure 48 The EIS data for bare HP-Mg vs. coated HP-Mg

Potentiodynamic polarization data shown in figure 49 has also shown superior corrosion
resistance for the coated sample. The PDP Tafel curves are shifted to the left representing a
reduction in icorr value which is translated to the corrosion rate. The fitted data using Gamry
Echem Analyst software has shown a reduction by ~11 fold (from 1.83 to 0.17 mm/year ) in the
corrosion rate calculated from equation 28. Hence, both EIS and PDP data suggest superior
corrosion resistance for coated HP-Mg using the MAO method over the bare metal.
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Figure 49 PDP data for bare HP-Mg vs. coated HP-Mg showing the shift in corrosion current
after coating

5.5. Summary
Coating HP-Mg with the same process parameters developed for Mg-Zn-Ca-Mn alloy
was shown to improve the corrosion resistance of the bare HP-Mg using electrochemical
corrosion tests and immersion tests. However, more investigation is required to characterize the
developed coating composition and thickness using XRD and SEM tests. The physical model
parameters for coated HP-Mg are calibrated using thermal feedback solubility test of anhydrous
MgCl2 in m-SBF and immersion tests of bare and coated HP-Mg in m-SBF under physiological
conditions of temperature and pH values. The model parameters namely (D, , and Csat) are
found to be (7x104 m2/day, 1/14, and 342.27 kg/m3 respectively). Numerical mass loss data were
found to best match the experimental data on the longer-term as expected from the assumption
that the corrosion is diffusion-controlled after full development of the corrosion layer over time
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(after 2 weeks in this study). The calibrated parameters in the simple density loss modeling
approach of mass loss can be inserted in the more sophisticated models developed in the
literature to model the mass loss by geometry change for more complex 3d structures such as in
[15]. The coating effect is modeled using the diffusion in porous mediums theory. From this
approach, a critical thickness of the coating layer can be defined above which the coating effect
on the mass loss is negligible.
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CHAPTER VI
CONCLUSION AND FUTURE WORK
6.1. Conclusion
The main objective of this study is to improve the previous numerical models available in
the literature for corrosion modeling of magnesium-based implants to make them capable of
predicting the geometry change and the interactions of species with the surface treatments such
as coatings. Hence, optimization tools can be available for successful magnesium-based implants
for osteosynthesis and vascular stenting treatment.
Physical models of corrosion in magnesium are attracting more attention in the literature
for their superiority in capturing more sophisticated details of the corrosion kinetics and surface
treatments. Previous models based on this approach were lacking experimental calibration of the
model parameters against mass loss data. The effect of the coating is also lacking in a numerical
modeling context although it is an essential modification for magnesium-based implants.
In order to address this gap, in vitro experiments were conducted to calibrate the model
parameters and investigate the effect of an in-house developed MAO process on corrosion
kinetics. Solubility tests were conducted and a thermal feedback approach was introduced to find
the solubility limit of MgCl2 in m-SBF more precisely. Immersion tests of High purity
magnesium (HP-Mg) coupons were conducted to collect mass loss data for bare and coated
magnesium. HP-Mg was chosen to eliminate the effect of impurities in commercial pure
magnesium on the calibrated parameters that solely correspond to magnesium ions. Experimental
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mass loss data for both groups were compared with numerical data generated by a 2D
axisymmetric model of mass diffusion. A range of diffusivities was defined to encompass the
experimental data of bare HP-Mg.
Corrosion process in HP-Mg tends to be reaction/activation controlled in the early stage
of corrosion until the development of a quasi-passive corrosion products layer. On the long term,
the corrosion is hypothesized to be transport controlled as the transport rate is slower than the
reaction rate. Hence, the transport/diffusion-based corrosion model in this work was found to
best match the experimental data starting from the end of week 2. Electrochemical corrosion
tests shows significant increase in the corrosion resistance of HP-Mg after the MAO coating
treatment. The coating layer is modeled using the diffusivity reduction in porous mediums theory
and the reduction parameter was calibrated. Moreover, the thickness effect of the coating layer
was investigated for the simple geometry of round coupons. Increasing the thickness was found
to reach a threshold at which the reduction in mass loss is negligible. A similar analysis can be
done for different 3D geometries to find this critical thickness value as well as tailoring the mass
loss by changing the coating thickness. Hence, a new dimension for controllability on the design
of magnesium-based implants is introduced.
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6.2. Future work


Further validation is needed for the calibrated parameters against mass loss by immersion
tests of different geometries of HP-Mg under the same in vitro physiological conditions
and test electrolyte.



Developing 3D finite element models using the moving boundary method and adaptive
Lagrangian-Eulerian (ALE) tool in an appropriate software that supports these tools such
as the model by Grogan et al [15] using Abaqus/Explicit subroutines.



The ultimate goal is then investigating the coupling between the stress analysis and
corrosion analysis in the same finite element framework and comparing the numerical
data to experimental mechanical tests of hardness and tensile strength.
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